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The  Heavy  Lift  Helicopter  Advanced  Technology  Component  (ATC) 
development  program  was  conducted  by  the  Boeing  Vertol  Company  for 
the  U.S.  Army  'rom  July  1971  ttirough  July  1975.  As  s part  of  this 
program,  an  advanced  rotor  hub  and  upper  controls  system  design 
was  developed  and  demonstrated  to  be  eatiefactory  for  application 
to  the  XCH-6:.  Prototype  HLH.  
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Block  20.  Abstmct  - continued. 

A fulJ.y  articulated  rotor  configuration  employing  elastomeric 
bearings  was  selected  for  the  ATC  development.  A preliminary 
design  phase  Included  configuration  trade  studiest  material 
properties  determination,  and  concept  development  tests. 

?ull-:Bcale  coBiponents  wore  fabricated  and  subjected  to  fatigue 
and  endurance  testing  as  part  of  a demonstration  test  program. 

-iThe  ATC  hub  and  upper  control  component  development/demonstration 
activities  Included  the  t lap/lag  pitch  elastomeric  bearing, 
frequency  selective  lag  damper,  and  shear  bearing  development 
efforts;  manufacturing  techniques  development;  fretting  inhibitor 
evaluation;  safe-lifa,  fail-safe,  and  endurance  testing  of  major 
hub  and  upper  control  components;  whirl  tower  tests;  and  Integrated 
rotor “drive  system  teats.  (\ 

Curing  147  hours  of  rotor-drive  system  tests,  there  were  no 
mission  affecting  malfunctions  of  the  hub  and  upper  control  com- 
ponents, and  the  demonstrated  MTBF  was  approximately  two-thirds 
that  of  the  mature  aircraft  objective.  With  a normal  reliability 
.j'rowth  program,  the  HLH  reliability  objectives  would  be  achieved. 
Operating  problems  were  identified  during  the  DSTR  program  and 
design  solutions  defined  which  were  demonstrated  in  subsequent 
testing.  Incorporation  of  these  and  other  design  improvoMnts 
identified  during  the  ATC  program  were  scheduled  for  incorporation 
in  the  Prototype  XCH-62  aircraft  components. 

Both  the  ATC  and  Prototype  programs  were  terminated  on  1 August 
1975  by  action  of  the  U.  S.  Congress  prior  to  completion  of  the 
planned  activities. 


■ - II  - ■ , 

Unclassified 


tSCUWTV  C4M«l»IC*tUM  O*  ThM  OM  etMrMP 


<# 


i 


T 


if 


TABLE  OF  CONTENTS 


LIST  OF  ILLUSTRATIONS 
LIST  OF  TABLES.  . . . 


Page 


5 

8 


1.  INTRODUCTION 


9 


2.  DESIGN  DEVELOPMENT 

2.1  Objectives  

2.2  Trade  Studies 

2.3  Design  Development  Tests  ....  

2.4  System  Description  

3.  DESIGN  CRITERIA  AND  STRUCTURAL  ANALYSIS  

3.1  Aircraft  Mission  Profile  (Flight  Spectrum)  > 

3.2  Structural  Design  Criteria  

3.3  Design  Conditions 

3.4  Fatigue  Methodology 

3.5  Other  Requirements  

3.6  Loads  and  Analysis  


13 

13 

15 

36 

68 


85 

85 

85 

87 

87 

87 

93 


4.  COMPONENT  DEVELOPMENT 


103 


4 . 1 Hub  and  Crussbeain 103 

4.2  Shear  Bearing  107 

4.3  Pitch  Housing 110 

4 . 4 Loop 117 

4.5  Elastomeric  Searing 119 

4 . 6 Droop  Stop ....  147 

4 . 7 Frequency  Selective  Blade  Lag  Damper  ....  147 

4.8  Swashplate 159 

4.9  Drive  Scissors 166 

4.10  Pitch  Link 170 

4.  11  Demonstration  Rotor  175 


.Jt 


.lit 


h 

? 

t 

r 

I 

I 


Figure 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 


LIST  OF  ILLUSTRATIONS 


General  Arrangement  Mooel  301  KLrl 

One-Piece,  Fail-Safe  Offset  Kub 

One-Piece,  Fail-Safe  Strap  Hub  

Two-Piece,  Fail-Safe  Offset  Hub 

Rotor  Hub/Crossbeain  Attachments 

Rotor  Hub/Shaft  Attachments.  

Proposed  Design  of  Teflon-Lined  Spherical 
Bearing . . 

Proposed  Design  of  Elastomeric  Bearing  . . . . 

Loop  Configurations  and  Bearing  Attachments.  . 

Modified  Goodman  Diagram  

Fail-Safe  Pitch  Link  Test  Specimen  

Fail-Safe  Evaluation  Swashplate  Attachment  . , 

Operating  Characteristics  of  Ideal  PSD  . . . . 

Schematic  of  Frequency-Selective  Damper.  . . . 

HLH/ATC  Subscale  Swashplate  Endurance  Test 
Specimen  Installation 

Upper  Swashplate  Assembly  Bearing  After 
2,200  Hours  of  Testing  

HLH  Rotor  and  Upper  Controls  Installed  on 
DSTR 

HLH  Major  Hub  Components  

HLH  Upper  Controls  

HIJI/ATC  Rotary-Wing-Head  Assembly 

Rotary-Wing-Head  Controls  Aft  Installation  . . 

Aft  Rotary-Wing-Head  Installation 


Page 

11 

16 

17 

18 
21 
23 

25 

26 
27 
39 
43 
49 
52 
54 

57 

66 

69 

70 

71 
73 
77 
81 


iWWiiEar*  IMS  BUMunt  run 


5 


I 

p 

f 


Figure 

23 

24 

25 

26 
27 

2a 

29 

30 

31 


32 


33 

34 

35 

36 

37 


36 


39 

40 

41 

42 

43 

44 


Page 

S-N  Curves  for  Smooth  Ti-6A1-4V  and  4340 

Steel,  140  KSl  UTS 88 

3~N  Curves  for  Notched  Ti-6Al--4V  and  4340 

Steel,  140  KSl  UTS 89 

Goodman  Diagram  *or  Ti-6A1-4V  and  4340  Steel.  90 

Hub  Fatigue  Loads  at  Station  26  - Safe-Life  . 94 

Hub  Fatigue  Loads  at  Station  26  - Fail-Safe  . 95 

Hub  Fatigue  Loads  at  Station  26  - Power  On.  . 96 


Hub  Ultimate  Loads  at  Station  26  - Power  Off.  97 

Blade  Loads  at  Station  66 98 

Model  301  Pitch  Link  Load  Wave  Form lOl 

Serial  No.  3 Liner  Wear  After  1,290  Hours  of 
Endurance  Testing  109 

Pitch  Housing  Fatigue  Test  - Blade  Lugs  . . . Ill 

Pitch  Arm  Fatigue  Test 113 

KLH/ATC  Pitch  Arm  Fatigue  Test  - Slot  and 

Crack  Location 116 

8-Inch  Elastomeric  Bearing  Deflection  Test.  . 122 

8-lnc.i  Elastomeric  Bearing  Static  Test  at 

11°  Cocked  Angle 123 

Elastomeric  Rearing  Endurance  sst  Machine.  . 125 

10-lnch  Elastomeric  Bearing  129 

Axial  Load-Deflection  Curve  .........  12C 

Torsional  Load  Deflection  Curves 131 

Cocking  Load  Deflection  Curves 132 

Cocking  Load  Deflection  Curves.  ....  ...  133 

Damper  Efficiency  135 


I 


I 

I 


6 


45  10-Inch  Elastomeric  Bearing  at  Buckling  Load  . 1.16 

46  iO-Inch  Elastomeric  Bearing  at  11°  Lag  Angle  - 

Titanium  Shims  137 

47  Elastomeric  Bearing  Base  Plate  Temperatures.  . 140 

48  Failed  Elastomeric  Bearing  141 

49  Elastomeric  Bearing  Preload 145 

50  Frequency-Selective  Dampsr  150 

51  Whirl  Tower  Data  - Frequency  Selective  D^unper.  IM 

52  FSn  Analysis  With  Small  Drive  Cylinder  Bleed  . 152 

53  Damping  Characteristics  With  Ramp  Change  in 

Blade  Position 154 

54  Transient  Response  Comparison 155 

55  Laboratory  Transient  Response  Test  157 

56  HT.H  Swashplate  Endurance  Test  Fixture 160 

57  Drive  Scissors  Fatigue  Test  Setup 167 

58  Pitch  Link  Offset  End  Fitting 171 

59  Pitch  Link  Test.  Fixture. 17  2 

60  Location  of  Failures  - Pitch  Link  Fatigue  Test  173 

61  HLH/ATC  Rotor  on  Boeing  Vertol  Whirl  Tower  . . 176 

62  Dynamic  System  Test  Rig 177 


7 


LIST  OF  TABLES 


Tabxe 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 


Page 


Rotor  Hub  and  Controls  - ATC  Project 14 

Loop  Design  Suomuiry 31 

Pitch  Link  Bearing  Coaparative  Test  Loads  . . 58 

Pitch  Link  Bearing  Specimen  Description  ...  59 

Dynamic  Component  Design  Fatigue  Loading.  . . 86 

HLH  Critical  Structures  - System  Description 
and  Design  Parameters 92 

Minimum  Margins  of  Safety  - HLH  Rotor  Hub  . . 99 

HLH/ATC  Pitch  Link  Loads 100 


Minimum  Margin  of  Safety  - HLH  Upper  Controls  102 

Structural  Test  Summary  - HLH  Huh  and 

Crossbeam 105 

Load  and  Motion  Schedule  - Shear  Bearing  Test  107 

Rotor  Hub  Shear  Bearing  Specimen  Summary.  . . 108 

Fatigue  Summary  - Pitch  Housing  - Specimen 

No.  1 112 

HLH/ATC  - Pitch  Arm  Fatigue  Test  Results,  . . 115 

Static  Test  of  Elastomeric  Bearings  124 

HLH/ATC  Swashplate  Endurance  Test  Loading 
Schedule 162 

HLH  Swashplate  Bearing  Ball  Path  Inspection 
After  Test 164 

HLH/ATC  Drive  Scissors  - Results  of  Fatigue 
Test  and  C Iculated  Lives 169 


8 


I 


I 


i 


.^4 


1 . 0 IMTIRODUCTION 


OBJECTIVES 

The  primary  objectives  of  the  ATC  Program  w«rv : 

1.  Demonstrate  con^nent  technology  to  reduce  deveiopient 
risk  applicable  to  a 22.S-ton  HLH  at  the  lowest  total 
HLH  system  cost. 

2.  Provide  the  Government  with  improved  technology  and 
reduced  risk  for  program  definition  for  large  payload 
helicopters. 

3.  Advance  level  of  industry  expertise  in  HLH  coa^>onent«. 


APPROACH 

The  purpose  of  the  ATC  Program  was  to  seek  nuLximum  reduction 
of  technical  and  cost  risk  associated  with  the  Engineering 
Development  of  an  HLH  system  through  the  design,  f2d3rication, 
demonstration  and  test  of  selected  critical  HLK  components. 
Engineering  Development  or  full-flight  qualification  of  any 
component  or  concept  was  not  the  purpose  of  this  program. 

The  critical  components  of  the  HLH  were  determined  to  be  tlie 
rotor  blades,  hub  and  upper  controls,  drive  system,  flight 
control  system  and  cargo  handling  system.  The  scope  of  tho 
HLH  ATC  program  was  limited  to  these  components,  plus  the 
interface  analytical  activities  necessary  for  the  ATC  com- 
ponents to  be  considered  suitable  for  svibsequcnt  integraticn 
with  the  complete  aircraft. 

The  general  arrangement  of  the  HLH  is  shown  in  Figure  1. 


HUB  AMD  UPPER  CONTROLS  ATC  PROGRAM 

t 

The  Advanced  Technology  objectives  for  the  hub  and  upper  con-  ! 

trols  components  were  aimed  at  increasing  flight  safety  and 
minimizing  operating  support  costs  by  providing  fail-safe, 

simple,  reliable,  and  iigntweight  hardware.  i 

i 

i 
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A fully  articulated  rotor  configuratioii  employing  elastomeric 
bearings  was  sel?. cted  for  ATC  development.  The  use  of  an 
elastotnenc  bearing  at  each  blade  to  react  radial  blade  forces 
and  penal c pitch,  flap  and  lag  motion  eliminates  the  need  for 
lubrication  and  provides  a significant  reduction  in  the  number 
of  parts.  Because  of  parts  reduction  and  lower  maintenance 
oan-hours,  a significant  reduction  in  operating  and  support 
costs  should  be  realized. 

Ail  c.oaiponents  UMs/e  designed  to  fail-safe  design  criteria  so 
that  risk  of  cat«strop.hic  failure  would  be  significantly 
reduced  or  eluninated. 
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Figure  1.  GhNERAL  ARRANGEMENT  MODEL  301  HLH 
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2 . 0 DESIGN  DEVELOPMENT 


2.1  OBJECTIVES 

Table  1 shows  the  objectives  and  casks  initially  established 
for  the  hub  and  upper  controls  ATC  program.  The  objectives 
were  later  transferred  into  design  requirements  in  the  Prime 
Item  Description  Document  (PIDD)  for  the  HLH  as  summarized 
below. 

Mission  re] iability.  At  the  time  of  initial  operational 
capability,  the  aircraft  shall  have  at  least  a 97%  probability 
of  performing  a 2 -hour  mission  once  flight  for  the  mission 
commences.  Mission  reliability  shall  be  based  on  "failures" 
which  the  crew  cannot  reraedy  while  in  flight  or  during  a 
15-minute  ground  turnaround  using  the  onboard  tods  and  equip- 
ment. 

Operational  availability.  The  aircrnft  shall  have  an  opera- 
tional availability  or  ready  rate  of  P0%  or  greater  when  the 
average  wartime  utilization  rate  is  50  flight  hours  per 
month . 

Mean  time  between  removal (s)  of  major  dynamic  components.  The 
mean  time  between  removals  (MTBR)  objecta.ve  for  each  major 
dynamic  component  shall  be  2000  operation  hours  at  time  of 
Initial  Operational  Capability. 

TBO  (time  between  overhaul (s) ) . No  repairable  components  shal} 
require  scheduled  removal  for  overhaul.  Removal  or  replace- 
ment will  be  " on -condition" . 

Fail-safety.  The  rotor  hub  and  upper  controls  shall  be  de- 
signed to  >^e  fail-safe  through  the  use  of  multiple  load  paths 
and/or  low  failure  progre.ssional  rates  and/or  failure  warning 
systems.  Failure  warning  means  shall  be  designed  into  the 
individual  critical  components  and  shall  include  but  not  be 
limited  to  the  following: 

- Dual  load  paths  externally  inspectable 

- Pressure-sensitive  gages 

- Incipient  failure  warning  by  changes  in  vibration  level 

- Incorporation  of  bearing  coneJition  indicating  systems  to 
detect  incipient  bearing  deterioration. 
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2.2  TRADE  STUDIES 


Configuration  trade  studies  were  conducted  for  several  of  the 
areas  of  the  hub  and  upper  controls.  The  studies  considered 
weight,  cost,  and  maintainability  as  the  primary  factors  with 
other  factors  peculiar  to  the  item,  such  as  the  necessity  for 
special  tools.  The  trade  studies  are  contained  in  Reference 
1 and  each  of  the  trade  studies  is  summarized  below. 

2.2.1  Rotor  Hub  Fail  Safe  Design 

Three  basic  hub  configurations  were  evaluated: 

One-piece  Offset  Hub  (Figure  2) 

One-piece  Strap  Hub  (Fxgure  3) 

Two-’^iece  Offset  Hub  (Figure  4) 

Six  fail-safe  and  one  sale— life  hub  designs  were  derived  in 
this  study  from  the  three  basic  configurations.  The  single 
safe-life  (nonfailure)  design,  one  piece  offset  hub  was 
studied  only  to  determine  the  weight  penalty  for  fail- safety 
of  the  six  safe-life  designs.  The  type  of  warning  system  to 
detect  the  first  failure  was  not  considered  in  this  study  as 
it  would  be  the  same  for  any  design. 

Safe-life  calculations  assumed  the  following  failures; 

Design  2 - One-piece  Offset  Hub  (Figure  2) 

Either  lead  or  lag  side  beam  completely  severed  or 
severence  of  one  cap  flange  across  the  damper  opening 
in  the  ) ag  side  beam. 

Designs  3 and  4 - One-piece  Strap  Hub  (Figux'u  3) 

Either  lead  or  lag  side  beam  completely  severed  or  sev- 
erence of  one  cap  flange?  across  the  damper  opening  on 
the  lead  side  beam.  However,  the  glass  strap  on  failed 
biam  assumed  to  be  intact  and  capable  of  sharing  CF  load. 

Designs  5 through  7 - Two-piece  Offset  Hub  (Figure  4) 

One  of  the  four  side  arms  to  the  crossbeam  is  completely 
severed. 

The  minimum  weight  was  achieved  by  the  safe-life  (no  failure) 
onn-piecG  offset  hub.  However  this  design  was  not  considered 
as  it  could  not  sustain  a failure.  This  design  did  show  that 
a weight  penalty  of  200  pounds  or  more  is  incurred  by  a 
"fail-safe"  design. 

The  minimum  weight  "fail-safe"  design  was  the  two-piece  off- 
set hub.  The  two-piece  hub  was  the  basis  for  the  final  design. 
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The  upper  and  lower  hub  halves  for  each  configuration  are 
identical  and  symmetrical  about  the  horizontal  centerline  so 
that  either  half  ma.’  be  used  in  the  upper  or  lower  position 
on  either  the  forward  or  aft  rotor  head. 

2.2.2  Rotor  Hub/Crossbeam  Attachment 

Three  rotor  hub  crossbeam  attachment  configurations  (Figure 
5 were  reviewed.  Configuration  A uses  bolts  in  tension. 
Configuration  B uses  vertical  pins.  Configuration  C uses 
horizontal  pins. 

Each  of  the  attachment  configurations  was  evaluated  for  weight , 
complexity,  accessibility,  and  design  characteristics.  Con- 
figuration C,  the  horizontal  pin  connection,  was  selected  as 
the  recommended  design  approach  for  the  HLH  ATC  rotor  hub/ 
crossbeam  attachment  method  because  this  configuration 
provided; 

• Lightest  weight 

• Iiowest  torque  requirement 

• Use  of  standard  tools  for  installation 

• Good  accessibility 

• Fewest  parts 

• No  shimming  required 

2.2.3  Rotor  Hub/Rotor  Shaft  Attachment 

Fourteen  configurations  were  studied.  The  features  included 
torque  path  through  boltr.  or  splines  and  thrust  load  through 
bolts  or  a single  nut,  and  combinations  of  these.  The  three 
principal  configurations  are  shown  in  Figure  6 and  described 
an  follows: 

Configuration  II  - Lower  hub  flange  bolted  to  transmission 

shaft  with  large  diameter  bolts. 

Torque  and  thrust  carried  by  the  bolts. 

Configuration  III  - Three-inch  spline  (centered  on  lower  hub 

flange)  and  tlirust  nut. 

The  spline  transmits  hub  torque  and  the  thrust  nut  transmits 
the  lift  load . 

Configuration  IIIA  - Two  3-inch  splines  (centered  on  top 

and  bottom  hub  flange)  and  thrust  nut. 

Configuration  IIIA  provides  better  load  patli  distribution  and 
better  access  to  thrust  nut  and  preloaded  bolts.  It  was  selec- 
ted from  consideration  of  all  evaluation  parameters,  and  was 
the  basis  for  the  final  design. 
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2.2.4  Teflon  Lined  Spher.^cal  Bearing  Vs.  Elastomeric 
Bearinqp  for  Pitch  Links  and  Hub/Blade  Shear 

This  .study  considered  the  choice  of  a centering  type,  non- 
lubricated  bearing  capable  of  reacting  vertical  shear  forces 
due  to  pitch  link  load  and  blade  inertia  while  at  the  same 
time  providing  freedom  of  motion  for  blade  flap/droop,  lead/ 
lag,  and  pitch,  and  freedom  for  blade  radial  motion  under 
deflections  due  to  centrifugal  force. 

The  candidates  were: 

Elastonveric  Bearing  - A bearing  consisting  of  alternate 
metal  and  elastomer  laminates  molded  into  a single  spherical 
part.  <See  Figure  7 for  proposed  design.) 

Teflon-Lined  Spherical  Bearing  - A bearing  consisting  of  a 
spherical  stainless  steel  ball  around  which  is  swaged  a 
stainless  steel  outer  race  lined  with  a woven  Teflon  fabric. 
Flap/droop  and  lead/lag  motions  to  take  place  at  the  spher- 
ical interface  of  ball  and  Teflon  liner.  Similar  lining  of 
the  bore  of  the  ball  with  Teflon  fabric  in  the  fashion  of 
a journal  bearing  to  permit  pitch  motion  and  unrestrained 
radial  movement  of  the  blade.  (See  Figure  8 fot  proposed 
design . ) 

The  Teflon-lined  spherical  bearing  was  selected  for  use  as 
the  KLH/ATC  shear  bearing.  The  Teflon-lined  bearing  is 
smaller,  lighter  in  weight,  and  less  expensive  to  develop 
than  the  elastomeric  bearing  while  providing  all  the  advan- 
tages of  the  elastomt  ic  bearing. 

2.2.5  Loop 

A trade  study  was  conducted  of  various  designs  of  the  loop 
structure,  which  transmits  the  blade  cen  -.rifugal  loads  from 
the  pitch  housing  to  the  elastomeric  bearing  as  shown  in 
Figure  18. 

The  study  investigated  the  13  pitch  housing  loop  configura- 
tions, and  the  7 bearing  attachment 

con f i gur.a  t ions  shown  in 
Figure  9.  The  configurations  were  judged  for  weight,  fail- 
safety,  structural  adequacy,  and  manufacturing  difficulty. 

Each  conf iqviration  is  discussed  briefly  below  and  summarized 
in  Table  2 . 
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FIGURE  6.  ROTOR  HUS/SHAFT  ATTAClWENTS 
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FIGURE  7.  PROPOSED  DESIGN  OF  TEFLON-LINED  SPHERICAL  BEARING 
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FIGURE  9,  I,OOP  CONFIGURATIONS  AND  BEARING  ATTACHMENTS 
(Sheet  1 o£  2} 


roafl^uxatietLa  V wad  VlXl  «H*a  recalculated  usxn^  the  cptiAired  ••ctxocva . should  be  approx: 

TIM  - rallora  ladieator  gT^taa 


Configurations  I and  II  - One-piece,  single  pin  loop/housing 
attachment 

These  one-piece,  forged  titanium  loop  designs  (with  a fiber- 
glass strap  option)  were  light  in  weight  and  structurally 
sound,  but  did  not  meet  the  fail-safe  criteria. 

Configuration  III  - Three-piece,  single  pin  loop-housing 
attachment 

Similar  in  shape  to  Configuration  II,  this  three-piece  bonded 
construction  design  provided  fail-safety  through  redundancy. 
Cavities  between  the  sections  would  be  used  to  contain  a dye 
or  for  a pressure  system  as  a failure-indicating  device.  At 
that  time,  however,  blade  control  motions  were  increased, 
and  Configurations  1,  II  and  III  exceeded  this  new 
clearance  envelope. 

Configuration  IV  - One-picce,  double  pin  loop/housing 
attachment  with  glass  strap 

This  design,  a one-piece  forged  titanium  loop  with  a fiber- 
glass strap  reinforced  with  a metal  shear  strip,  was  the 
heaviest  of  all  configurations.  The  two-pin  attachment 
configuration,  working  as  a cantilever  beam,  fits  the  clear- 
ance envelope  and  is  structurally  sound,  but  the  fiberglass 
strap  will  not  meet  the  fail-safety  criteria. 

Configurations  V and  VI 11  - Multiple-piece,  double  pin, 
ioop/housing  attachment 

These  three- and  four-piece  designs,  similar  to  Configuration 
III,  were  found  to  be  heavy  and  difficult  to  manufacture. 

Configurations  VI,  VII,  X - Fiberglass,  double  pin  loop/ 
housing  attachment 

These  three  configurations  were  an  attempt  to  design  a 
composite  loop  using  fiberglass  uni  and  cross  ply  with 
chopped  glass  and  resin  filler.  These  desigiis  could  not  be 
made  structurally  adequate  within  the  limited  space  available. 

Configuration  IX  - Laminated,  double  pin  loop/housing 
attachment 

This  design  uses  approximately  40  titanium  sheets  bonded  with 
fiberglass  plies  to  form  a strong,  stiff,  and  efficient  (in 
bending  and  torsion,  section  of  a box  shape  The  cavities 
are  pressure  chambers  for  a failure  indication  system.  This 
design  was  judged  complex  and  difficult  to  fabricate. 
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Configurations  XI,  XII.  XIII  - Two-piece,  bended,  double  pin 
loop/housing  attachment 

Similar  to  Configuration  V,  these  designs  use  two  forged 
titanium  channel  sections  bonded  to  form  an  I section. 
Fabrication  simplicity  and  some  weight  savings  were  achieved. 
Configuration  XII  is  a minor  modification  to  Configuration  XI, 
reducing  the  weight  by  25  pounds  per  aircraft.  Configuration 
XIII  is  a modification  of  the  bearing  attachment  area,  per- 
mitting use  of  the  Configuration  C,  Direct  Attachment  Method 
(see  Configurations  F and  G below) . This  combination  results 
in  less  overall  \/eight,  and  was  judged  to  have  the  best 
chance  of  success. 

Configuration  A - Clamp  design  bearing  attachment 

This  configuration  clamps  the  housing  loop  against  a filler 
bloch  on  the  elastomeric  bearing  plate.  Since  the  syslem 
depends  upon  friction  alone  to  maintain  orientation,  tliere 
is  no  positive  transfer  of  pitch  motion  from  loop  to  clamp. 
Also,  any  loop  failure  originating  under  the  clamp  would  not 
be  visible  for  inspection. 

Configurations  B.  C.  D and  E - Pin-type  attachments 

These  configurations  provide  positive  transfei 
the  loop  to  the  bearing.  Replacement  of  the 
bility  to  the  elastomeric  bearing,  and  simpli 
ar.:  the  advantages  of  these  designs,  but  they 
w<:iight  penalty. 

Conf igurntio?\a  F and  G - Direct  attachment 


These  configurations  require  a wider,  and,  therefor^,  heavier 
housing  loop  configuration  to  permit  the  use  of  attachment 
bolts.  However,  the  weight  of  the  combined  loop  and  attach- 
ment, Configuration  XIII  bolted  to  Configuration  G,  is  less; 
therefore,  this  combination  was  selected. 

Configuration  XIII,  the  two-piece  bonded  titanium  loop,  in 
conjxmction  with  the  direct  bearing  attachment.  Configuration 
G,  was  chosen.  The  rationale  was: 

• Simplicity  of  PsQjrication 

• Best  Weight  Compromise 

• Beat  Load  Path 
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As  the  design  was  further  defined,  it  was  found  that  a tl  ree- 
element  loop  with  the  elements  separated  by  an  anti-fretting 
layer  of  the  Teflon  fabric  was  structurally  more  efficient 
than  the  two-piece  bonded  loop  when  evaluated  against  the 
fail-safe  criteria. 

A single  failure  of  the  two-piece  loop  resulted  in  a doubling 
of  the  load  on  the  remaining  structure  and  considerable 
eccentricity  in  load  application. 

The  three-piece  design,  shown  in  Figures  17 , 18,  and  20,  has 
the  central  element  of  approximately  double  the  thickness  of 
the  two  outer  elements.  Failure  of  an  outer  element  results 
in  much  less  eccentricity  of  load  than  with  the  two-piece  design, 
and  the  increase  in  load  on  the  remaining  structure  is  only 
a third.  If  the  central  element  fails,  the  load  is  doubled 
on  the  two  outer  elements  but  there  is  no  eccentricity  of 
load  so  the  design  is  again  more  efficient  than  t?ie  two-piece. 


2.2.6  Swashplate  and  Upper  Controls 
This  study  included: 

Materials  and  constructio.n  o£  the  swashplate 
Swashplate  centering  device 
Single  and  dual  clevis  lugs 

The  combinations  of  swashplate  material  and  construction 
included  two  bearing  diameters. 


BEARING  DIAMETER  j 

42“ 

59" 

CONSTRUCTION 

WELDED 

TWO-PIECE  BOLTED 

WELDED 

TWO-PIECE  BOLTED 

MATERIAL 

TITANIUM 

ALUMINUM 

TITANIUM 

ALUMINUM 

The  centering  devices  considered  were  the  ball/slider  of  the 
CH-47,  and  four-arm  scissors.  Dual  clevis  an'^  single  clevis 
configurations  of  fail-safe  actuator  and  pitch  link  attach- 
ment lugs  were  studied.  Although  both  configurations  are 
approximately  equal  in  load-carrying  ability,  the  single 
clevis  lug  is  recommended  for  the  following  reasons: 

« Lighter  weight 

• Easier  visual  inspection  to  find  failed  lug 

• Can  provide  holes  through  center  or  lugs  from  swashplate 

ring  for  pressurc/vacuum  failure  nranitoring 

The  two-piece  bolt  aluminum  swashplate  with  centering  scissors 
was  chosen  tor  further  design. 


Dual  Fail-Safe  Clevis 


Single  Fail-Safe  Clevis 


2.3  DESIGN  DEVELOPMENT  TESTS 
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Fatigue  and  endurance  tests  were  conducted  un  representative 
speciipr  ns  of  hub  and  upper  controls  par^  s and  features  to 
acquiro  design  data  and  to  prove  the  concepts.  Results  of  these 
tests  are  sununari2:ed  below. 

1.3.1  Titanium  Hub  Materials  Test  Summary 

The  titanium  hub  materials  tests  are  reported  in  Reference  2. 

Engineering  material  properties  ware  developed  for  a 
9 X lb  X 36-inch  6Ai-4V  titanium  alloy  billet  finish  forged 
in  Alphd-ueta  range  and  subsequently  processed  to  the  solu- 
tion treated  and  over -aged  (STOA)  condition.  These  propeitiea 
were  obtained  for  application  in  the  design  of  large 
fatigue  critical  forged  titanimn  helicopter  dyitamic  system 
components.  Static  strength,  smooth  and  notched  axial  fatigue 
strength,  fretted  fatigue  strength,  fatigue  crack  propagation, 
and  fracture  toughness  data  were  obtained.  Fatigue  strength 
data  which  indicate  the  influences  of  shotpeening  and  the  use 
of  coatings  to  inhibit  fretting  were  also  obtained. 

The  titaniu.m  alloy  forging,  procured  to  AKS4y28,  was  sectioned 
into  blanks  for  test  specimens.  Each  fatigue  and  fracture 
specimen  was  coded  to  indicate  its  original  location  within 
the  forging. 

Both  the  forged  billet  and  specimen  blanks  in  the  macliined 
and  nonmachined  condition  were  subjected  to  ultrasonic, 
penetrating  radiation,  liquid  penetrant,  and  blue  etch  anodize 
inspections.  These  inspections  did  not  reveal  any  significant 
material  or  processing  anomalies. 

The  structure  of  the  titanium  forging  used  for  the  latigue  and 
fracture  specimens  can  be  mctallurgically  characterized  as 
large  grained  with  sizes  in  the  approximate  range  of  0.06  to 
0.10  inch.  The  microstructure  was  comprised  of  elongated 
Alpha  platelets  in  a transformed  Eeta  matrix.  To  a much 
lesser  extent,  globular  Alpha  in  a transformed  Beta  matrix 
was  observed. 

The  elements  of  this  test  program  were  structured  to  provide 
inter-relating  pieces  of  data  often  required  in  a particular 
sequence.  Each  of  the  tests  and  the  more  significant  results 
are  summarized  below. 
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Fretting  Inhibitor  Evaluation  Tests 


The  initial  test  involved  the  screening  of  24  candidate 
waterial-surface,  condition-coating  combinations  with  the 
objective  of  identifying  four  systems  with  superior  fretting 
inliibiting  oroperties  for  use  with  titanium.  The  candidate 
systems  were  tested  in  a machine  which  produced  oscillatory 
relative  motion  at  the  interface  between  the  titanium  and  the 
coating  or  other  specially  process  material  surface.  While 
undergoing  this  motion,  the  interface  surfaces  were  maintained 
in  contact  through  externally  applied  pressure.  Coefficient 
of  fxiction  End  wear  measu*"ements  were  determined  at  various 
lifetimes  up  to  50,000  cycles,  ’^ased  on  these  results,  the 
following  four  candidate  coat’ ! , ’■re  identified  for  further 
use  in  fretting  fatigue  evalu  sts : 

• Teflon-Dacron  Type  L1276  - ave  of  Teflon  and  Dacron 

impregnated  with  phenolic  resin. 

• Scrmetel  72  - An  inorganically  bonded  coating  of  Teflon 
and  molybdenur  disulfide. 

• Nylon  11  - A Corvel  NCA77  fluidized  bed  coating 

« Silver  - An  electroplated  silver 

The  selection  of  the  initial  three  systems  above  was  based  on 
their  demonstration  of  low  wear  and  coefficient  of  friction. 

The  silverplate  was  selected  on  the  basis  of  its  wide  use  as  a 
fretting  inhibitor  for  titanium  in  many  P.erospacc  applications. 

Shotpccnimi  Process  Evaluation  Test 

The  influence  of  shotpeening  on  the  fatigue  strength  of  ti- 
tanium was  evaluated.  Two  candidate  shotpeening  processes, 
differing  ^nly  in  shotpeening  intensity,  were  applied  to 
three  types  of  axially  loaded  fatigue  specimens.  Results  of 
fatigue  tOStijig  giTOUpS  C’f  SiViOOth , nOtCiied,  ai'iu  fiettijig'  Speci- 
mens indicated  no  clear  superiority  of  one  candidate  process 
over  the  other.  More  significantly,  additional  testing  indi- 
cated that  shotpeening  did  not  appreciably  improve  the  fatigue 
strength  of  fciv.anium  over  the  range  of  conditions  investigated 
in  this  program.  Improvements  in  mean  fatigue  strength  at 
5 X 10^  cycles  with  a stress  ratio  of  0.05  were  approximately 
zero  percent  for  smooth  specimens,  and  five  percent  for 
fretted  specimens.  An  improvement  in  notched  specimen 
fatigue  strength  eould  not  be  clcarlv  identified. 
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Mean  Stress  - Alternating  Stress  Rolationship  Fatigue  Test 
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The  presence  of  a steady  tension  stress  was  found  to  signifi- 
cantly influence  the  fatigue  strength  of  the  forged  titanium 
material.  Increasing  the  s-eady  tension  stress  on  smooth 
specimens  from  zero  ksi  to  25  and  50  ksi  resulted  in  65  and  70 
percent  reductions,  respectively,  in  the  average  fatigue 
strength  at  5 x 10^  cycles.  This  same  general  trend  was  seen 
in  the  notched  fatigue  strength  data.  This  data  is  summa- 
rized in  the  modified  Goodman  Diagram  of  Figure  10. 

Although  insufficient  testing  was  conducted  to  enable  complete 
definition  of  similar  diagrams  for  shotpeened  material,  trends 
similar  to  the  non-.shotpeened  material  would  bo  expected. 

Frettincr  Fatigue  Test 

The  relative  fatigue  strength  of  titanium  when  subjected  to 
fretting  environments  of  various  severity  was  investigated 
using  pin-ended  link  specimens.  Baseline  data  was  collected 
on  specimens  having  a steel  bolt  bewaring  directly  on  the 
titanium  bore.  Other  groups  of  specimens  utilized  steel 
interference  fit  bushings  with  the  outside  bushing  diameter 
coated  with  one  of  the  four  candidate  fretting  inhibitors 
identified  previously.  At  5 x 10^  cycles  and  a stress  ratio 
of  0.05,  the  moe.n  fatigue  strength  of  the  specimens  with 
coated  bushings  was  greater  than  that  of  the  specimens  without 
bushings.  Of  those  specimen.s  with  coated  bushings,  those  with 
Sermetel  72  fall  in  the  top  of  scatter  indicating  a mean 
fatigue  strength  at  5 x 10'  cycles  which  was  approximately 
10  to  20  percent  greater  than  that  of  the  specimens  with 
Nylon,  Silver,  or  Tof Ion-Dacron  coated  bushings. 

Detailed  metallurgical  examination  d i ".closed  some  fretting  on 
the  bores  of  those  specimens  with  Serjnetel-coateil  and  silver- 
plated  bushings.  On  the  Nylon-coated  bushings,  a localized 
buildup  of  the  coating  at  the  bushing  edges  indicated  that  some 
exti  ision  of  the  coating  had  occurred.  All  bushing  coatings 
showed  wear  to  some  degree. 

Fracture  Toughness  Test 

The  determination  of  fracture  toughness  proved  to  be  highly 
sensitive  to  test  techniques  and  material  characteristics. 

Tests  utilizing  four-poinc  bendim  specimens  were  conducted 
according  to  the  requirements  of  ASTM  Method  E399-70T.  The 
majority  of  tests  did  not  yield  valid  measurements  of  plane 
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FIGURE  10.  MODIFIED  GOODMAN  DIAGRAM 
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strain  fracture  toughness.  The  primary  causes  of  invalid 
results  were  nonuniformity  of  crack  front  and  fatigue  pre- 
crack length  in  excess  of  the  maximum  permitted  by  the  test 
method  specification.  From  the  valid  tests,  a plane  strain 
fracture  toughness,  approximately  100  ksi K in.  was 

determined  F.t  -65  “F. 

Fatigue  Crack  Propagation  Test 

Fatigue  crack  propagation  tests  were  conducted  to  investigate 
the  influences  of  stress  ratio,  enviro.iment , loading  fre- 
quency, and  grain  direction  on  the  fatigue  crack  growth  rates 
of  the  titanium  forging  material.  The  expected  trend  in 
crack  growth  rates  and  stress  ratio  was  seen.  For  a given 
value  of  the  stress  intensity  range,  Ak,  the  fatigue  crack 
growth  rate  increased  with  increasing  values  of  the  stress 
ratio,  R.  This  trend  was  seen  in  the  data  for  specimens 
tested  in  air  and  for  specimens  tested  in  a 3.5  percent  salt 
solution.  For  comparable  conditions,  crack  growta  rates  in 
the  3 . 5 percent  salt  solution  ranged  from  approximately  the 
same  to  three  times  the  rates  in  air.  No  significant  influ- 
ences of  loading  frequency  were  seen  over  the  range  of  4 to  30 
Hz  which  was  investigated  in  this  program.  Similarly,  longi- 
tudinal and  transverse  specimens  yielded  approximately  the 
same  crack  growth  rates  for  the  conditions  evaluated.  The 
majority  of  specimens  exhibited  considerable  crack  branching. 
The  primary  cracks  in  a few  specimens  grev  in  s\ich  a manner 
as  to  propagate  almost  parallel  rather  than  perpendicular  to 
the  loading.  This  phenomenon  has  tentatively  been  attributed 
to  the  properties  of  the  large  grain  structure. 
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During  the  course  of  the  program,  it  became  evident  that 
optimum  mechanical  properties,  especially  high- cycle  fatigue 
strength  in  the  presence  of  steady  tensile  stress , could  not 
be  consistently  achieved  or  regulated  in  large  titanium 
forgings  without  controls  in  addition  to  those  of  AMS  4928. 
This  conclusion  was  based  prira=»rily  on  the  experiences  and 
emerging  practices  of  the  industry,  but  was  reinforced  by  the 
mean  stress/alternating  stress  {Goodman  diagram)  data  ob- 
tained in  this  program. 

While  the  majority  of  data  and  trends  obtained  in  this  test 
program  are  felt  to  be  representative  of  large  titanium 
forgings,  there  are  instances  where  potential  exists  for 
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achieving  more  favorable  properties  by  closer  control  of  the 
forging  process.  Specifically,  the  trend  of  the  alternating 
stress/mean  stress  diagram  is  felt  to  be  controlled  by  the 
amount  of  work  and  associated  macrostructre  and  raicrostructure 
of  the  forging.  Obviously,  a forging  material  which  exhibits 
a small,  rather  than  large,  decrease  in  fatigue  strength  with 
increasing  tensile  steady  stress  would  be  advantageous  for  use 
in  helicopter  rotor  components. 

Since  these  components  are  generally  sized  for  a condition  of 
fatigue  loading  in  association  with  a steady  tensile  load, 
the  resulting  component  weights  are  highly  dependent  or.  how 
the  fatigue  strength  of  the  material  varies  as  a function  of 
steady  tensile  stress.  In  order  to  realize  and  maintain 
consistently  favorable  mechanical  properties  for  fatigue 
critical  helicopter  dynamic  system  components,  a specifica- 
tion for  premium  quality  titanium  forgings  was  prepared. 

This  specification.  Reference  3,  covers  the  material  and 
process  requirements  for  triple  melt  premium  6A1-4V  titanium 
alloy  forgings  and  establishes  the  control  requirements  for 
the  various  processors  involved  in  forging  manufacture. 
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2.3.2  Fail-Safe  Pitch  Link  and  Attachment  Teats 


The  .Fail-safe  Pitch  Link  and  Attachment  tests  are  reported  in 
Reference  4, 

2 . 3 . 2 . 1 Pitch  Link 

The  fail-safety  requirement  of  the  Model  301  pitch  link, 

Figure  11 , is  met  by  the  provision  of  dual  load  paths  (a 
primary  and  a secondary)  each  comprising  upper  and  lower  rod 
ends  connected  by  left-  and  right-hand  threads  to  a turn- 
buckle.  The  primary  path  is  the  outer  and  has  forked  rod  ends 
which  enclose  those  of  the  secondary  load  path.  The  rod  ends 
of  the  latter  have  a clearance  fit  with  respect  to  the  outer 
race  of  the  spherical  bearings  and  thus  remain  unloaded  until 
a failure  of  the  primary  pexmits  the  outer  race  to  make  con- 
tact with  the  lug  of  the  secondary  rod  ends  which  then 
carries  the  load. 

The  primary  and  secondary  load  paths  are  each  designed  on  the 
same  basis  as  safe-life  parts  with  fatigue  life  requireiiients 
of  3600  aild  100  hours,  respectively,  referred  to  the  mission 
profile. 

The  objectives  of  t)ie  test  were 

• Determination  of  the  loads  required  to  fail  the  primary 
load  path. 

9 Confirmation  of  the  ability  of  the  secondary  load  path 
to  pick  up  the  load  on  failure  of  the  primary, 

« Determination  of  the  loads  required  to  fail  the 
secondary  load  path. 

• Determination  of  the  modes  of  failure. 

• Identificcstion  of  which  of  the  two  load  paths  is  primary. 
(This  identification  is  predetermined  by  the  desigr,.) 

In  flight,  friction  in  the  ball  joints  results  in  the  appli- 
r»+ion  of  end  moments  to  the  link.  Bending  moments  are  also 
induced  by  column  effects  when  the  link  is  loaded  in  compres- 
sion, so  that  the  turnbi-ckle  tends  to  be  critical  under  this 
type  of  loading;  whereas  the  rod  ends  are  sensitive  to  tensile 
mean  loads.  It  was,  therefore,  necessary  to  investigate  the 
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effect  of  both  e.  tensile  and  a compressive  mean  load.  Two 
specimens  were  tested,  the  first  with  a tensile,  and  the 
second  with  a compressive  mean  load. 


The  specimens  were  instrumented  and  mounted  in  a heavy  fraune 
installed  on  a Weston-Boonshaft  and  Fuchs  fatigue  test 
machine.  To  represent  the  effects  of  the  friction  end  moments 
the  specimens  were  set  up  with  special  fittings  in  the  rod 
ends  to  apply  the  load  with  an  offset  of  0.3  inch  from  the 
central  axis  of  the  link. 

Testing  was  conducted  in  a series  of  constant  amplitude  runs 
of  approximately  two  million  cycles,  load  being  increased 
after  each  run-out  until  failure  occurred.  At  this  point, 
the  load  level  was  reduced  and  the  process  repeated  until 
both  load  paths  failed. 

Specimen  1 

This  specimen  was  tested  with  a tensile  mean  load  (Load  Rauio, 
min/niax  = -0.5).  Tlic  first  crack  developed  in  the  ring  por- 
tion of  the  primary  rod  end.  To  accelerate  the  test,  rhe 
ring  was  cut  through  near  the  crack  and  the  procedure  repeated 
until  both  rings  of  the  primary  rod  end  had  completely  failed. 
As  failure  of  the  primary  load  path  progressed,  load  was 
transferred  to  th<i  secondary  path  which,  in  turn,  failed  in 
the  threads  connecting  the  rod  end  to  the  turnbuckle. 

Specimen  2 

The  second  specimen  was  tested  to  investigate  the  consequences 
of  a primary  turnbuckle  failure,  and  testing  was  conducted  at 
a load  ratio  of  -2.0.  The  primary  turnbuckle  was  notched  on 
the  outside  surface  opposite  the  run-out  of  the  internal 
thread.  When  it  was  found  that  high-level  alternating  loads 
failed  to  cause  a crack  to  propagate  from  the  notch,  the 
turnbuckle  vjas  cut  through  and  testiiig  continued  until  the 
secondary  load  path  failed.  The  mode  of  failure,  wear  of  the 
threads,  was  the  seune  as  that  of  the  first  specimen. 


Because  of  the  difference  in  load  ratio,  the  endurance 
liitii  cs  of  the  primary  rod  end  and  turnbuckle  are  based  on 
test  results  o':  a single  specimen.  In  the  case  of  the 
second^-.ry  load  path,  the  differences  in  load  ratio  merely 
changes  the  direction  of  mean  load  on  the  threads  so  that 
the  two  results  may  be  combined  to  determine  the  mean 
strength.  The  table  below  compares  the  results  with  pre- 
dictions of  the  endurance  limits  needed  to  achieve  the 
required  fatii/ue  lives. 


Test  Endurance  Required  Endurance 
Limit  - Lb  Limit  - Lb 


Primary  (M  -3<r  ) 


Rod  End  (R  = -0.5; 

+ 5200 

(R  = -2.0) 

+ 8400 

^ 6360 

Turnbuckle 

+ 5200 

Secondary  M - l(r) 

+ 4360 

V 44  20 

Since  the  failures  v/cto  precipitated  by  fretting  between  the 
lug  and  the  bearing  outer  race,  the  endurance  limit  can  be 
improved  without  'eight  penalty  by  the  incorporation  of 
anti-fretting  material  at  the  affected  interface.  Also,  a 
slight  adjustmeuL  of  secondary  load  path  thread  engagement 
will  bring  the  strength  of  the  secondary  load  path  to  the 
required  level.,  It  should  be  noted  that  the  total  test 
cycles  applied  between  observation  of  the  first  crack  in 
the  rod  end  of  specimen  #1  and  complete  rod-end  failure  are 
equivalent  to  the  cycle  accumulation  of  over  700  flight  hours 
at  operating  rpm. 

Ilie  test  proved  conclusively  that  the  dual -load-path  concept 
will  provide  ample  time  for  the  detection  of  a pitch  link 
failure . 
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2 . 3 . 2 . 2 Pitch  Link  to  Swashplate  Attachment 


Fail-safety  of  the  attachment  of  the  pitch  link  to  the 
rotating  swashplate  ring  is  achieved  by  designing  the  struc- 
tural components  on  the  assumption  that  a failure  has  occurred. 
The  principal  elements  are  the  attaclinient  clevis,  which  is  an 
integral  part  of  the  aluminum  alloy  swashplate,  and  the  bolt 
connecting  the  pitch  link  to  the  clevis  at  th^  rod  end  ball 
joint  (Figure  12) . Both  the  bolt  and  each  lug  of  the 

clevis  are  designed  to  meet  the  100-hour  post-failure  fatigue 
life  requirement  in  the  event  of  a failure  of  either  the 
opposite  lug  or  of  the  holt,  broken  in  such  a location  that 
the  load  can  only  be  transmitted  to  one  lug . During  this 
100 -hour  interval,  it  is  expected  that  the  first  failure  will 
be  detected  by  visual  inspection.  Since  the  bolt  is  totally 
enclosed  when  assembled,  it  is  made  with  a hollow  shank  con- 
taining a quantity  of  dye-penctrhnt  fluid,  the  escape  of 
which  indicates  the  presence  of  a crack  in  the  bolt . 

The  test  objectives  of  this  test  were  identical  to  those  of" 
the  pitch  link  test.  Since  the  attachment  is  not  of  dual— 
load-path  design,  it  is  appropriate  to  refer  to  "intact 
structure"  and  "structure  with  single  failure"  instead  of 
"primary  load  path"  and  "secondary  load  path",  rtispectively. 
(The  objective  of  confirming  the  ability  of  the  secondary 
load  path  to  pick  up  the  load  is  automatically  met  and  the 
identification  of  the  primary  load  path  is  irrelevant.) 

The  swashplate  attachment  was  tested  to  investigate  the  pre- 
and  post- failure  capabilities  of  both  the  clevis  and  the  bolt. 
Ic  was,  therefore,  arranged  that  one  specimen  should  represent 
a lug  failure  and  the  other*  a bolt  failure. 

Motion  of  the  pitch  link  around  the  tilted  swashplate  causes 
angular  oscillations  which  result  in  alternating  loading  in 
the  direction  of  the  bolt  axis.  To  account  for  this,  the 
specimens  were  loaded  through  a dummy  pitch  link  having  a 
6“  inclination  to  the  vertical.  They  were  mounted  on  the 
same  rig  as  was  used  to  test  the  pitch  links  and  subjected  to 
a similar  loading  procedure. 

This  testing  is  also  reported  in  Reference  4. 
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Specimen  1 


This  specimen  was  tested  at  increasing  load  levels  until 
cracks  appeared  in  the  lugs.  These  originated  at  the  lug 
interfaces  with  the  bushings  and  were  first  observed  when 
they  had  extended  beyond  the  bushing  flanges.  Testing  was 
continued  at  reduced  load  levels  to  check  that  the  rate  of 
crack  propagation  was  acceptably  low  and  it  was  found  that 
the  lug  carrying  the  lateral  lead  had  a considerably  higher 
propagation  rate  than  the  other.  When  the  laterally  loaded 
lug  was  practically  severed,  it  was  cut  through.  The  load 
was  again  reduced  and  the  remaining  lug  tested  until  failure 
was  virtually  complete.  The  bolt  did  not  fail. 

Specimen  2 

Testing  of  the  second  specimen  was  begun  with  the  bolt  notched 
in  order  to  initiate  a failure  and  to  prove  the  effectiveness 
of  the  dye-penetrant  method  of  failure  indication.  Following 
the  same  loading  procedure  as  was  adopted  with  the  first 
specimen,  testing  continued  until  dye  was  seen  to  be  leaking 
around  the  bolt  washer,  showing  that  the  crack  had  reached 
the  bore  surface  of  the  bolt.  At  this  point,  the  bolt  was 
cut  through  and  the  remainder  of  the  test  carried  out  with 
the  load  transmitted  through  the  remaining  part  of  the  bolt 
to  one  lug.  The  test  was  concluded  when  the  loaded  lug 
failed.  There  was  no  other  bolt  failure. 


Comparison  of  derived  and  required  endurance  limits  as 


follows ; 

Test  Endurance 
Limit  - Lb 

Required  Enduranc 
Limit  - Lb 

Structure 

Intact 

(M  -3<r) 

Clevis 

+ 5,450 

+ 4,020 

Bolt 

Structure 

Failed 

+ B,590 

+ o,‘i80 

{M  -Iff*) 

Clevis 

+ 2,750 

+ 2,390 

Bolt 

+ 4,590  * 

± 4,530 

* Bolt  failures  are  based  on  run-outs. 
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It.  should  be  noted  that  the  cycles  applied  to  Specimen  1 in 
the  crack  propagation  phase  represent  more  than  700  flight 
.lours  at  156  rpro. 

The  tests  indicate  that  a joint  of  this  type,  designed  to 
meet  the  case  of  partial  failure,  can  provide  a safe  interval 
within  which  failure  detection  is  possible.  It  is  also  clear 
that  the  application  of  arti-fretting  material  to  the  clevis 
bushings  and  improving  th  ..r  fit  will  result  in  weight  reduc- 
tion in  the  final  design. 

2.3.3  Frequency  Sele-tive  Lag  Daunper 

One  of  the  advanced  technology  concepts  which  was  evaluated 
under  this  program  is  a frequency  selective  lag  damper  (FSD) . 
The  FSD  concept  increases  the  damping  efficiency  and  reduces 
the  damper  force,  thus  permitting  substantial  rotor  weight 
reduction. 

H.e  FSD  concept  development  consisted  of  three  phases: 

a.  Analysis  and  laboratory  testing  of  a breadboard  con- 
figuration using  a modified  CH-47C  damper. 

b.  Design,  fabrication  and  develop.Tient  testing  of  an 
HLH  size  FSD, 

c.  Rotor  testing  of  the  HLH  frequency  selective  dampers 
or.  the  Whirl  Tower  and  Dynamic  System  Test  Rig. 

The  function  of  the  blade  lag  damper  is  to  prevent  a buildup 
of  bl ^de  motion  at  the  lag  natural  frequency  (approximately 
per  rev  on  the  HLH)  . A tendency  toward  blade  resonance 
may  occur  cn  the  ground  at  takeoff  (ground  resonance)  or  at 
certain  flight  conditions. 

Conventional  hydraulic  blade  lag  dampers  are  most  effective 
for  the  ground  resonance  condition  where  the  blade  motion  is 
predominantly  at  the  lag  natural  frequency.  During  forward 
flight,  the  blade  has  a large  one-per-rev  velocity  super- 
imposed on  the  relatively  low  V-p^r-rev  velocity  as  illus- 
trated in  Figure  13. 

Since  the  daunper  forces  in  a conventional  lag  daunper  are 
proportional  to  the  total  blade  velocity,  the  daunper 
effectiveness  is  very  low  for  this  condition  as  will  be 
shown. 
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LB.  IN/SEC. 


FIGURE  13.  OPERATING  CHARACTERISTICS  OF  IDEAL  PSD  WITH  LAG 
FREQUJ  NCY  OF  1/4  PER  REV 
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The  damper  force  during  forward  flight  (Figure  13)  is 
out  of  phase  with  the  %-per-rev  component  during  part  of  each 
revolution  (30°  to  60®,  90°  to  110°,  etc .)•  During  these 
portions  of  the  lag  cycle,  energy  is  introduced  into  the  rotor 
system  at  the  lower  frequency  as  indicated  by  the  decline  in 
the  damping  energy  level  shown  in  Figure  13,  Thus  the  net 
energy  available  at  \ per  rev  for  control  of  aeromechanical 
instability  is  reduced. 

The  frequency  selective  damper  (FSD)  is  intended  to  prevent 
degradation  of  damping  available  to  oppose  %-per-rcv  motion. 
This  is  achieved  by  preventing  energy  introduction  into  the 
rotor  .-ystem  at  the  \ per  rev  frequency  by  allowing  the  piston 
to  dispj.ace  without  exerting  a damping  force  whenever  the  ^4- 
per-rev  velocity  is  out  of  phase  with  the  total  velocity.  The 
FSD  concept  increases  the  damping  efficiency  of  a standard 
damper  in  suppressing  forward  flight  instabilities  by  56%. 

Thus,  an  FSD  needs  56%  less  capacity  than  a standard  damper^ 
permitting  force  output,  damper  weight,  and  size  of  the  rotor 
hub  components  to  be  reduced. 

A frequency  selective  damper  is  illustrated  schematically  in 
Figure  14.  The  damper  cylinder,  preload  valve,  check 
valves,  and  associated  interconnecting  fluid  passage::  comprise 
a conventional  preload  type  lug  damper.  The  control  valve, 
control  cylinder,  orifices  and  interconnecting  fluid  passages, 
and  th  ; control  rod  spring  comprise  the  frequency  selective 
olemcnts . 

Connection  of  the  control  valve  to  the  damper  is  such  that  the 

flow  bypasses  the  preload  valve  of  the  damper  when  the  ve- 

locity of  the  damper  piston  and  the  control  valve  displacement 
are  out  of  phase  (one  retracting  and  one  extending)  . Wlien  the 
damper  velocity  and  valve  displacement  are  in  phase,  fluid  is 

forced  across  the  preload  valve  of  the  damper.  Therefore,  if 

the  valve  displacement  is  in  phase  with  the  ^^-per^ruv  velocity, 
the  requii'ed  selective  loading  and  unloading  of  the  damper 
previously  discussed  is  obtained. 

The  frequency  selective  lag  damper  "breadboard"  development 
bench  testing  is  reported  in  Reference  5.  The  objective  of 
this  program  was  to  demonstrate  the  frequency  selective  damper 
(FSD)  concept.  This  included  the  specific  objectives  of: 
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DAMPER  CYLINDER 


DAMPER 

displacement  (X) 


FIGURE  14.  SCHEMATIC  OF  FREQUENCY-SELECTIVE  DAMPER 


54 


%■ 

;+• 

r 


0 

3^ 


' I 
»■ 
J'? 


a.  Determination  of  performance  in  both  the  FSD  (mixed 
frequency)  and  non-FSD  (single  frequency)  modes 

b.  Investigation  of  sensitivity  tc  system  parameters 

c.  Correlation  of  analytical  and  test  results 

This  test  program  was  conducted  on  a laboratory  model,  con- 
sisting of  a CH-47C  lag  damper  (P/N  114  H 6800)  with  an 
externally  mounted  frequency  selective  control,  to  determine 
the  performance  and  parameter  sensitivity  of  a frequency 
selective  (FSD)  blade  lag  damper.  Single  frequency  tests, 
and  mixed  frequency  tests  using  a 1/3-por-rev  subharmonic 
frequency,  (1  per  rev  = 3.78  Hz)  were  conducted  for  both  the 
FSD  and  non-FSD  configurations. 

The  test  program  successfully  demonstrated  the  frequency  se- 
lective damper  concept.  Under  mixed  frequency  conditions  at 
a one-to-one  input  displacement  ratio,  the  P’SD  produced  a 
100%  increase  in  the  1/3-per-rev  subharmonic  energy  dissipa- 
tion for  phase  angles  of  0“  and  90“ . At  a phase  angle  of 
180“ , a 54%  increase  in  tliu  1/3-per-rev  energy  dissipation 
was  obtained.  It  was  concluded,  therefore,  that  the  FSD 
offers  a significant  improvement  in  mixed  frequency  damper 
performance. 
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Overall,  the  analytical  correlation  was  good  to  excellent 
once  the  basic  (non-FSD)  damper  characteristics  were  matched. 
The  poorest  correlation  for  the  FSD  configuration  wa  ; 
obtained  Cor  180“  phase.  Based  on  an  examination  of  the  test 
waveforms,  ieves  concltaded  that  the  FSD  performance  at  130“ 
phase  is  highly  sensitive  to  both  the  valve  motion  and  the 
valve  shaping  (area  vs.  stroke  relationship) . This  was  con- 
firmed by  analytical  results  which  shv'wed  a substantial  varia  • 
tion  in  damper  performance  with  minor  variations  in  valve 
shaping . 

.^.3  a result  of  this  teat  program,  it  was  recognized  that  in  a 
prototype  FSD  design,  a symmetric  control  cylinder  piston 
(equal  areas)  and  essentially  equal  control  cylinder  volumes 
was  required. 
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2.3.4 


Pitch  Link  Bearing  Comparative  Test 


Teflon  fabric  dry  lubricant  bearings  were  successfully  intro- 
duced in  the  helicopter  rotor  control  system  in  the  early 
1960 's.  Performance  of  these  bearings  has  continually  been 
improved  as  design  and  manufacturing  techniques  were  developed. 
The  most  recent  dry  lubricant  bearing  configuration  used  in 
the  CH-47C  pitch  links, for  example  (Boeing  Vertol  P/N 
114RS318-2) is  giving  two  to  three  times  the  life  of  the 
bearing  previously  used. 

The  objective?  if  this  test  program  were: 

• Evaluate  two  dry  lubricant  control  system  bearing 
configurations  under  typical  loads  and  motions  and 
under  environmental  crrditions  against  the  performance 
of  the  baseline  114RS318-2  bearing  configuration. 

• Develop  a condition  indicator  for  dry  lubricant  bearings 
to  aid  in  diagnosing  bearing  wear. 

The  test  results  are  reported  in  Reference  6. 

An  important  part  of  this  program  was  the  conduct  of  a bearing 
Quality  Assurance  examination.  This  examination  included  de- 
structive and  nondestructive  examination  of  test  bearings  in 
an  effort  to  find  attributes  that  could  be  used  as  standards 
in  the  evaluation  of  future  bearing  procurement  to  assure  con- 
sis  tant  performance. 

This  testing  was  done  on  the  OH- 4 7 swashplate  endurance  test 
machine  (Figure  15) as  this  makes  possible  testing  with  realistic 
loads  and  motions  applied  to  the  bearings;  i.e.,  stodidy  plus 
alternating  bearing  loads  with  cyclic  misalignment.  Pitch  link 
bearing  wear  values  obtained  in  previous  testing  with  this  test 
fixture  correlated  well  with  the  wear  data  resulting  from  heli- 
copter operation.  This  test  was  done  concurrently  with  the 
Swashplate  Bearing  Condition  Indicator,  and  the  latter  test  is 
s'omraarized  in  the  following  section  of  this  report.  All  pitch 
link  bearings  were  tested  under  conditions  representative  of 
the  hlh’s  expected  service  and  simulated  the  environment  found 
to  be  typical  for  a helicopter  rotor  control  system.  The  test- 
ing consisted  of  cyclic  tension-compression  tests,  with  the 
spherical  ball  nutating.  Eight  Teflon  pitch  link  spherical 
bearings  were  tested  simultaneously  to  determine  the  bearing 
wear  and  to  establish  life.  The  effects  of  temperature,  sand, 
and  salt  were  established.  The  114HS318-2  present  design  CH- 
47C  pitch  link  bearings  were  tested  under  identical  conditions 
to  the  candidate  alternate  bearings.  Two  of  these  had  the 
bearing  wear  indicator  installed.  This  test  determined  the 
comparative  life  of  the  bearings  both  in  a dry  environment  and 
also  under  a severely  contaminated  environment. 
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The  test  bearing  pressures,  surface  velocities  and  the 
pressure-velocity  product  (PV)  correspond  to  those  of  the 
Model  301  helicopter  as  shown  in  Table  3 below. 

TABLE  3.  PITCH  LINK  BEARING  COMPARATIVE  TEST  LOADS 


% 

Test 

Time 

HLH 

Max . Max . 

Load,  Pressure, 
L,Lbs.  P,  PSI 

Test  Load,  L, 
on  CH-47  Pitch 
Links  to  Simu- 
late HLH 
Pressure 

Brg . Surface 
V Velocity 
f t/min 

■ 

95 

3250 

n 

1600 

275  + 925 

15 

15,000 

5 

4290 

1310 

366  + 1220 

15 

19,000 

NOTE;  P = 

D X W 


where  L 
D 
W 


X maximuin  load,  lbs. 

= bearing  ball  diameter,  inches  * 2.5  inches 
« bearing  outer  race  width,  inches  = 1.3  inches 


V = S X N 


where  S 
N 


surface  travel  of  HLH  ball  surface  under 
luad/cycle  -.0965  feet 

cycles/minute  of  oscillation  « 156  cycles/min. 


Eighteen  different  groups  of  bearings  were  tested,  reflecting 
different  manufacturers , processing  variations  and  materials, 
These  groups  are  described  in  Table  ‘i . Wear  values  varied 
greatly  from  group  to  group. 


The  significant  findings  of  this  testing  are: 

1.  The  present  production  configuration  of  Teflon  fabric 
bearing  (P/N  114RS 318-2)  manufactured  by  the  Astro 
Division,  New  Hampshire  Ball  Bearing  Company  gave  the 
most  consistently  good  performance  and  gave  an  equiva- 
lent HLH  life  of  1150  hours  to  0.007  inch  wear  (an 
index  value  of  wear  not  necessarily  related  to  the 
permissible  pitch  link  wear  of  the  HLH  aircraft) . 

2.  Processing  problems  appeared  to  be  the  most  prevalent 
reason  for  poor  performance  of  the  majority  of  other 
bearing  configurations. 

3.  The  pitch  link  bearing  wear  indicating  system  was 
not  effective  in  determining  bearing  condition. 
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TABLE  4. 


This  device,  which  worked  on  the  electrical  conduc- 
tivity principle,  was  later  found  to  be  ineffective 
because  of  a break  in  the  electrical  path  introduced 
in  manufacture.  Further  development  of  this  , nciple 
is  required  ♦o  prove  or  disprove  the  practical^  y of 
this  approach. 

The  salt  environment  in  which  the  bearings  operated  was  the 
concentration  specified  in  M1L*-STD-810 . That  method  of  testing 
is  accelerated  for  corrosion  testing.  It  was  not  possible 
to  correlate  the  test  environment  to  real  oceanic  atmospheric 
conditions.  The  sand  and  dust  test  attempted  to  provide  more 
realistic  conditions.  The  concentration  of  sand  and  dust  was 
within  an  order  of  magnitude  greater  than  observed  conditions 
at  the  rotor  hub  location  on  the  helicopter.  Operation  in 
the  sand  and  dust  environment  with  one  exception  showed  negli- 
gible increase  in  wear,  indicating  that  no  unusual  operational 
maintenance  problums  should  be  expected  because  of  this 
environment. 


2.3.5 


Swashplate  Bearing  ConditJon  Indicator 


One  of  the  ATC  tasks  was  the  evaluation  of  methods  of  diagnosing 
swashplate  bearing  conditions.  The  ability  to  detect  swash- 
plate  bearing  failures  at  early  stages  of  defect  progression  is 
desirable  from  a reliability  viewpoint  and  to  help  prevent 
catastrophic  failures.  Since  the  swashplate  bearing  perform- 
ance is  critical  to  flight  safety,  better  methods  are  desirable 
for  detecting  incipient  failure  of  this  bearing.  This  program 
task  evaluated  the  following: 

• Acoustical  Pic  up 

• Vibration  Sensors  Accelerometers  and  Siiock  Pulse 

• Temperature  Sensors 

This  teat  is  reported  in  Referei;-.-*'  6, 

The  acoustic  emission  technique  utilizes  the  phenomenon  that 
most  materials  emit  sound  waves  during  deformation  and  that 
these  sound  waves  provide  information  on  the  deformation  cha- 
racteristics of  the  material  and,  in  addition,  provide  a warn- 
ing of  impending  failure. 

A sensitive  piezo-clectr ic  transducer  is  used  to  detect  the 
lov'-level  sound  waves  that  occur  as  a result  of  the  acoustic 
emission  phenomenon.  The  sound  waves  are  of  very  short  dura- 
tion and  of  a variable  amplitude;  i.e.,  the  waves  have  the 
predominant  characteristics  of  a variable  amplitude  impulse, 
time  function. 

Data  (events  per  unit  of  sample  time)  was  sampled  at  regular 
intervals  and  plotted  against  test  time  with  an  increase  in 
the  number  of  events  per  unit  of  sample  time  indicative  of 
bearing  damage. 

Vibration  Sensors 

Accelerometers  - Three  accelerometers  for  datectirvg  vibration 
Te vel s wer e ins ta 1 1 ed  on  the  swashplate  assembly.  The  trans- 
ducers were  arranged  so  that  the  vibration  levels  normal,  radial 
and  tangential  to  the  bearings  could  be  determined.  The  vibra- 
tion levels  (peak  g's)  were  indicated  on  a panel  meter  and 
periodically  monitored  for  evidence  of  swashplate  bearing  de- 
terioration . 

SKF  MEPA-IQA  Shock  Pulse  Mater  - The  SKF  shock  pulse  meter  is  a 
diagnostic  Instrument  for  use  ’ in  determining  and  defining  the 
condition  of  rolling  element  bearings  while  installed  in  their 
operating  envirorjments . With  the  aid  of  the  shock  pulse  meter, 
the  shock  emission  envelope  of  the  bearing  is  constiructeu  by 
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measurement  of  rate  of  emission  of  shock  pulses  versus  level  of 
the  emitted  shock.  The  change  in  shock  level  in  relation  to 
time  of  operation  provides  an  indication  of  bearing  surface 
damage.  The  rate  profile  of  shock  emission  gives  a measure  of 
extent  of  deunage  and  may  be  used  to  determine  the  propagation 
of  the  damaged  area.  Typically,  three  general  types  of  curves 
are  generated. 

• Existence  of  foreign  matter  in  the  lubricant  is 
diagnosed  from  a plot  of  having  high  rates  of 
very  small  shock  levels. 

• A dry  bearing  or  rolling  element  djunage  may  be 
indicated  by  a curve  shape  with  very  low  rates 
of  very  high  shock  levels. 

• A curve  shape  which  starts  to  fill  out  having  a signi- 
ficant rate  of  shock  is  indicative  of  bearing  damage. 

The  spread  in  shock  level  with  rate  illustrates 

that  there  is  a spread  of  shock  emission  level  with 
the  way  each  individual  rolling  element  encounters 
the  damage  or  wear  product. 

Piezo-electric  crystal  transducers  were  installed  on  the  swash- 
plate  assembly  to  detect  the  shock  signal.  The  signal  was  then 
processed  by  a signal  conditioning  electronic  package  with  a 
data  readout  meter.  For  optimum  performance,  the  transducers 
should  be  in  a direct  line  to  the  bearing.  This  was  not  possible 
to  accommodate  on  the  available  swashplate. 

Temperature  Sensors 

Thermocouples  were  installed  at  two  locations  on  each  bearing 
row  of  the  swashplate  bearing.  Temperatures  were  continually 
monitored. 

T'est  Sununary 

The  bearing  failure  detection  device  was  evaluated  on  a back-to- 
back  swashplate  test  rig  shown  in  Figure  15.  This  test 
evaluated  two  CH-47C  swasltplate  bearings  simultaneously.  Total 
test  time  for  the  rig  was  3000  hours.  Two  new  bearings  were 
tested  for  1000  hours  each  for  bsseli.nc  information  on  the 
failure  detection  systems  and  to  determine  if  any  degradation 
could  be  observed.  No  sign  of  deterioration  was  visible  after 
the  initial  1000  hours.  The  beai  ng  from  the  lower  swashplate 
assembly  was  mechanically  etched  in  an  attempt  to  generate  a 
bearing  failure  and  reinstalled  for  continued  test.  A bearing 
which  had  been  in  helicopter  service  for  approximately  700 
hours  was  installed  in  the  upper  swashplate  asse-.bly.  This 
service  bearing  had  evidence  of  corrosion  pitting  on  the  race- 
way and  ball  surfaces  when  installed.  After  the  salt  spray 
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test  (2200  hours  total  test  time) , the  swashplates  were  again 
disassembled  for  inspection.  The  inspection  showed  that  the 
swashplate  bearing  from  the  upper  assembly  had  a spalled  area 
approximately  3 inches  long  on  the  rotating  ring  (Figure  16)  . 
There  was  no  apparent  damage  on  the  lower  swashplate  assembly 
bearing.  Inspection  at  the  conclusion  of  the  test  program 
showed  that  the  size  and  severity  of  the  spalled  area  of  the 
upper  swashplate  bearing  had  not  changed  noticeably 
and  the  lower  swashplate  bearing  still  had  not  failed.  Both 
swashplate  assemblies  had  been  regreased  at  the  end  of  the  1000- 
hour  and  2200--hour  inspections.  The  failing  condition  of  the 
upper  bearing  provided  a test  for  the  indicators. 

Test  Results 

The  general  trend  of  the  acoustic  emission  data  is  such  as  to 
indicate  increasing  damaie  with  time.  It  cannot  be  shown, 
however,  that  the  information  is  entirely  the  result  of  swash- 
plate bearing  damage.  The  data  shows  one  period  in  which  the 
emission  from  the  vicinity  of  the  lower  bearing  reduced  greatly. 
This  is  inconsistent  with  normal  rolling  element  hearing  per- 
formance which  does  not  show  an  appreciable  improvement  with 
age . 

During  two  test  periods,  the  acoustical  emission  signals 
were  detected  at  high  rates  and  appear  to  correlate  to  the 
pitch  link  bearing  condition.  One  period  occurred  at  approxi- 
mately 2200  hours  of  testing  after  a salt  spray  environment 
had  resulted  in  extreme  wear  of  all  pitch  link  bearings.  The 
secf  "id  period  occurred  at  2500  hours  of  test  when  experimental 
pitvn  link  bearings  were  Installed  which  had  metal- to-metal 
bearing  surfaces  as  opposed  to  the  conventional  Teflon  fabric 
lining. 

The  detection  devices  relying  on  a shock  or  vibration  signal 
were  also  ineffective  in  isolating  swashplate  bearing  deterior- 
ation. These  signals  sensed  information  from  the  total  test 
system,  the  two  swashplate  assemblies,  the  connecting  pitch 
links,  drive  linkages  and  the  test  rig  drive  system  components. 
The  signal  from  the  spalled  area  of  the  upper  bearing  could  not 
be  isolated  from  the  many  other  shock  and  vibration  signals 
originating  from  the  test  Bystem.  This  was  due  in  part  to  the 
physical  location  of  the  transducers  which  were  not  in  the  op- 
timum location  for  monitoring  bearing  information  only;  the 
shock  pulse  transducers  particularly  are  known  to  be  highly 
directional  in  their  signal  sensing  capability.  Deterioration 
also  apf>eared  to  be  masked  by  the  magnitude  of  the  sig.ials 
originating  from  the  pitch  link  bearings. 

A'i  a rolling  element  bearing  fails,  it  would  be  expected  that 
a pattern  develop  in  shock  information  to  describe  the  mechai ism 
of  the  behavior  of  the  damage.  In  the*  case  of  grease  lubricated 


bearings,  it  might  be  expected  that  a high  shock  value  would 
decrease  as  the  edges  of  the  damage  are  polished  by  the  rolling 
elements.  One  might  also  expect  the  rate  of  change  of  the 
shock  amplitudes  to  be  relatively  small.  The  signals  recorded 
indicate  a high  rate  of  change  of  shock  amplitude  values  which 
would  be  more  indicative  of  pitch  link  bearing  wear  than 
swashplate  bearing  deterioration.  The  1000-hour  swashplate 
bearing  inspection  did  not  indicate  any  bearing  deterioration 
that  would  cause  rapid  changes  in  shock  amplitudes.  During 
this  same  time  span,  however,  there  were  many  pitch  link  bearing 
replacements  which  could  result  in  changes  in  shod;  amplitudes. 
Similar  signals  were  recorded  during  the  2200- to  2500-hour 
time  frame.  The  predominant  contribution  to  shock  amplitude 
changes  was  probably  pitch  link  bearing  wear  and  not  change 
in  the  swashplate  bearing  condition. 

Thermocouple  measurements  were  taken  and  temperature  histories 
were  recorded  during  2800  hours  of  the  test  program.  During 
the  final  200  hours,  the  sand  and  dust  environment  caused  the 
temperature  sensing  circuit  to  fail  with  the  result  that  there 
is  no  reliable  temperature  indication  for  this  portion  of  the 
test  program. 

Temperature  records  show  no  positive  indication  of  a swashplate 
bearing  failure.  Variations  in  operating  temperature  appeared 
to  coincide  with  the  following  est  events. 

1.  Operating  temperature  rises  of  10  to  30  degrees 
occurred  after  each  bearing  relubrication. 

(1000  and  2200  hours)  . Tlie  temperature  then 
returned  to  the  previous  operating  level. 

2.  Temperature  drops  of  fifty  degrees  occurred  during 
the  salt  spray  testing,  possibly  due  to  the  improved 
cooling  by  the  moist  atmosphere. 

3.  Temperature  increa.ses  of  10  to  20  degrees  occurred 
during  the  elevated  temperature  (125“F)  testing. 


None  of  the  bearing  condition  monitoring  devices  were  able  to 
detect  deterioration  of  the  upper  swashplate  bearing  with  any 
assurance. 
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> 2.4  SYSTEM  DESCRIPTION 

I/'  C'  " '■  * >1  ■■  ■■■— 

The  HLH  rotor  hub  and  upper  controls  design  that  evolved  from 
the  trade  studies  and  design  development  test  was  the  basis 
for  hardware  for  component  and  system  testing. 

The  Heavy  Lift  Helicopter  has  a four  bladed  fully  articulated 
rotor  head  assembly  as  shown  in  Figure  17.  A sketch  of  the 
assembly  is  shown  in  Figure  13.  The  rotor  blade  attaches  to 
the  titanium  pitch  housing  via  two  titanium  pins.  The  pitch 
housing  transfers  radial  loads  to  a spherical  elastomeric 
bearing  through  a titanium  loop  assembly.  An  integral 
(pitch)  arm  on  the  pitch  housing  provides  a reaction  point 
for  rotor  blade  pitching  moments.  Another  integral  portion 
of  the  pitch  housing,  the  shear  shaft  permits  the  reaction 
of  loads  normal  to  the  blade  axis,  through  a spherical  Teflon 
fabric  shear  bearing. 

The  elastomeric  bearing  is  designed  to  react  all  radial  blade 
forces  and  permit  pitch,  flap  and  lag  motions.  The  bearing 
consists  of  bonded  concentric  spherical  laminations  of  rubber 
and  steel.  The  end  fittings  are  titanium.  The  bearing  is 
mounted  so  that  rotor  blade  centrifugal  force  results  in 
compression  of  the  elastomer  while  pitch,  flap  and  lag  motions 
produce  shear  deflections. 

A titanium  crossbeam  transfers  loads  from  the  elastomeric 
and  shear  bearings  into  the  hub  assembly.  Two  titanium  plates 
form  the  cenvral  hub  assembly.  The.se  plates  are  splined  to 
the  rotor  sht-ft  and  both  they  and  the  crossbeams  are  inter- 
changeable between  the  forward  and  aft  rotors. 

A lag  damper  is  attached  to  the  hub,  and  a fitting  at  the 
blade  root  end.  In  addition  to  its  required  damping  function, 
tnr  damper  provides  stops  for  lead  and  lag  motion.  Flap  and 
dre  ■ stops  at  low  rotor  speeds  are  provided  by  a centrif ugally 
operated,  spring  loaded  wheel,  which  slides  on  the  pitch 
housing  shear  shaft  and  contacts  pads  on  the  crossbeam.  I.n 
flight,  the  shear  shaft  itself  would  contact  these  pads. 

The  function  of  the  upper  controls  is  to  convert  the  displace- 
ment of  the  pilot's  controls  to  the  required  degree  of  cyclic 
and  collective  pitch  change  of  the  rotor  blades.  (See 
Figure  19) . A conventional  swashplate  arrangement  is  employed 
and  is  raised,  lowered  or  tilted  by  three  hydraulic  actuators, 
the  extension  of  which  is  determined  by  the  fly-by-wire  system 
controlled  by  the  pilot.  The  actuators,  mounted  on  the  trans- 
mission cover,  are  attached  to  the  stationary  (inner)  ring  of 
the  swashplate  around  which  the  rotating  (outer)  ring  revolves 
on  a double  row  angular  contact  ball  bearing.  Connected  to 
the  outer  rim  of  the  rotating  ring  are  the  lower  ends  of  four 


FIGURE  18.  HLH  MAJOR  HUE  COM  JNENTS 


1 


o 

IS 


2 

UJ  O 
O CO 


-TP  ^ 

O o 

Ol  fz  p 

5o< 

=3luO 

— Q 
< lU  5 
u,  O 


OZj 

^ 0- 


< ^ /n 

I-  < <3 
O §:  z 

cr  CO  a: 


Itf  ^ 
< Q 


.<■«•■ 

\ 

L 

UJ  ' 

>d 

v\y 

xo 

!<'■ 

Q O^, 

Q 

2 < 
-.  o, 


o<J 

t:  3 < 
d.  Q Q. 


'A 

< -J 
2 CL 
OX 

Bii 

CO  (0  CC 


\ 


£L  p: 
X < 
CO  ^ 

$ CJ 
CO  < 


71 


equally  spaced  pitch  links  whose  upper  endi  are  attached  to 
the  four  rotor  hlade  pitch  arms.  Vertical  movement  of  the 
swashplate  results  in  equal  pitch  changes  on  all  blades^  and 
tilt  of  the  swashplate  produces  an  approximately  sinusoidal 
variation  of  pitch  angle  as  the  blade  performs  a revolution 
about  the  rotor  center. 

The  swashplate  rotating  ring  is  driven  at  rotor  speed  by  a 
drive  scissors  mechanism  consisting  of  four  scissors  linkages, 
arranged  at  right  angles,  with  their  upper  ends  hinged  to  the 
drive  collar  and  their  lower  ends  connected  by  ball  joints 
to  lugs  on  the  outer  periphery  of  the  swashplate  rotating 
ring.  Internal  splines  on  the  drive  collar  mate  with  those 
on  the  rotor  shaft.  The  axes  of  the  hinge  pins  connecting 
the  upper  drive  to  the  collar  and  the  lower  arm  to  the  upper 
are  parallel.  The  linkage  can  thus  take  load  only  in  a 
circumferential  direction  and  offers  no  resistance  to  verti- 
cal or  tilting  motion  of  the  swashplate.  Three  such  linkages 
spaced  around  the  swashplate  are  sufficient  to  prevent  in- 
plane movement.  The  addition  of  the  fourth  arm  in  a cruci- 
form arrangement  provides  a redundant  system  which  can 
tolerate  the  loss  of  one  arm. 
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BESr  AVAIIABIE  COPY 


f I.  UKE  21.  .lOTARY-WING-HEAP  JO:'iTROLS  AFT  INSTALLATION 
(Shetit  1 of  2) 
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FIGURE  21.  ROTARY -WING- HEAD  CONTROLS  AFT  INSTALLATION 
(Sheet  2 of  2) 


FIGURE  22.  AI'T  KOTARY-WING-HEAD  INSTALLATION  (Sheet  1 of  2) 
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3 . 0 DESIGN  CRITERIA  ?^ND  STRUCTURAL  ANALYSIS 


3.1  AIRCRAFT  MISSION  PI.  E (FLIGHT  SPECTRUM) 

The  mission  profile  (Table  5)  used  in  the  analysis  is  the  same 
as  tiiat  described  in  Reference  7 except  for  the  modifications 
described  below: 

1.  The  distribution  of  time  spent  in  OEI  flight,  is  trans- 
ferred to  full  engine  flight,  since  rotor  blade  and  con- 
trol loads  are  considered  identical. 

2.  The  expression  of  autorotativc  control  reversals  and 
landings  as  a number  per  100  hours  rather  than  a percent 
occurrence,  and  the  addition  of  this  time  to  time  spent 
in  steady  autoro taticn . 

3.  The  addition  of  turns  expressed  as  a number  per  100 
hours.  These  represent  the  transient  portion  of  the 
maneuver  and  are  in  a .dition  to  t’ne  turns  represented 
as  a percent  occurrence.  The  Iri'iter  is  considered  as 
representative  of  the  steady-state  portion  of  the  turn. 

3 . : STRUCTUIt?\L  FEGIGN  CRITERIA 
• Gross  Weight  and  Maximum  Load  Factors 


ITEM 

DESIGN  GROSS 
WEIGHT 

ALTERNATE 
DESIGN  G.W. 

MINIMUM 
FLYING  WT. 

Gross  Wt. 

118,000 

148,000 

03,063 

Limit  Man. 

Load  Factor 

1 

+2.b/-.5G 

+2. 0/-. 5G 

+2.5/-.5G 

TABLE  5 . DYNAMIC  COMPONENT  DESIGN  FATIGUE  LOADING 


Condition 


Percent  Time/Occurrences 


Ground  Conditions 

1.0 

Take  Off 

(400) 

Steady  Hovering 

30,0 

Turns  Hovering 

(2000) 

Control  Re\j  ersals/Hovering 

(2000) 

Sideward  Flight 

2.0 

P.earward  Flight 

1.0 

Landing  Approach 

(750) 

Forward  Level  Flight: 

20%  Vfi 

5.0 

40%  Vh 

2.0 

50%  Vh 

2.0 

60%  V'h 

5.0 

70%  Vjj 

8,0 

80%  Vh 

9.0 

00%  Vh 

16.0 

Vh 

1.0 

115'%  Vh 

1.0 

Takeoff  Power  Climb 

3.0 

Full  Power  Climb 

4.0 

Partial  Power  Descents 

(500) 

Right  Turns 

2.5 

Left  Turns 

2.  S 

Control  Reversals 

(800) 

Pull  Ups 

(250) 

Power  to  Autorotation 

(40) 

Autorotation  to  Power 

(40) 

Autorotation  - Steady 

0.5 

Autorotation  - Left  Turn 

0.2 

a "h  i r»n  — Tnvn 

0 . 2 

Autorotation  - Control/Roversals 

0.3 

Autorotation  - Landing 

0,3 
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• Rotor  Design  Spe-  -Js 


DESIGN  RPM  ! 

: 1 

POWER  ON 

POWER  OFF 

■ 1 

Minimum  i 

155.7 

140.1 

Normal  j 

155.7 

— 

Maximum 

155.7 

176.9 

Limit 

L 

171.3 

194.6 

3 . 3 DESIGN  CONDITIONS 

(1)  Fatigue  - The  loads  used  for  fatigue  analysis  are  de- 
scribed in  detail  in  References  E and  0. 


(2)  Maneuver  - Limit  condition  is  a 2.5G  symmetrical  pull-up 
with  nose-up  pitching. 

G.W. : 118,000  lb. 

C .G . : 6 0 in . f wd 

A/3  : 150  k. 

(3)  (a)  Ground  Flapping  - 4,67G  limit  for  the  hub  components . 

This  condition  is  not  critical  for  the  control:; 
because  of  the  coincidence  of  lag  and  flap  hinges. 

(b)  Blade  Folding  - The  system  shall  withstand  a 45-knot 
wind  from  any  direction. 

3.4  FATIGUE  METHODOLOGY 

Fatigue  Allowables 


Thi  S-N  curves  and  Goodman  diagrams  for  steel  and  titanium 
Fig. ires  23  through  25  were  used  for  the  safe-life  fatigue 
and  fail-safe  fatigue  analysis. 

Design  Allowable  Stresses 


End. 

M 

- 3o  * 

M 

-a  * 

Material 

Design 

CV 

Limit 

Cycles 

Non- 

Fretted 

Fretted 

Non- 

Fretted 

Fretted 

Steel 

. 12 

10^ 

+25000 

+ 10000 

+32000 

+12800 

Ti 

. 13 

5x10^ 

+20000 

+ 6000 

+ 26000 

+ 7800 

A1 

. 13 

5x10^ 

+ 6000 

+ 2000 

+ 7930 

+ 2640 

*Does  not  include  effects 
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S-N  CURVES  FOR  SMOOTH  Ti-6A1-4V  AND  4340  STEEL 
140  KSI  UTS 


CURVES  FOR  NOTCHED  Ti-6Al-4V  AND  4340  STEEL 
KSI  UTS 


3.5 


OTHFR  h£;QUIRmENTS 


Safe-Life 

Safe-life  is  a design  philosophy  applied  to  fatigue  critical 
components  in  which  a sei'vlce  life  is  established  and  the  co.n- 
po’ient  is  removed  from  service  at  or  before  this  interval  to 
preclude  catastrophic  failures.  Fatigue  design  parameters  are 
specified  in  Table  6. 

Fail-safety 


Fail-safety  is  a design  philosophy  applied  to  fat’cruc  critical 
components  in  which  features  are  incorporated  into  the  design 
which  will  permit  the  tamely  detection  of  fatigue  damage  or 
operataonal  deterioration.  Flight- cri tical  upper  control  com- 
in'ficr.tJ  and  most  of  the  hub  components  are  designed  to  be  fail- 
sale. 

The  iail-safe  requirements  of  AR-56  shall  be  satisfied  by  fail- 
ure detection  devices,  inspection  procedures  and  structural 
redundancy.  See  Table  6 for  complete  criteria. 

Amb^. ent  Tr-muiira  ture 

Ail  components  shuil  be  de.signed  tor  operation  at  ambient  tem- 
peratures of  -6.5®F  to  160'’F.  Ctcause  of  the  extreniely  adverse 
effect  of  cold  temperaturci  on  tf'e  elastomeric  bearing  spring 
rates,  it  is  assumed  that  a bearing  warm-up  procedure  will  he 
followed  prior  fc  utartir.q  the  rotors.  This  warm-up  procedure 
consists  of  cycling  the  col  loot iv>'o  pitch  lover,  from  3°  to  10'^, 
30  times.  Only  a safo-lifo  condition  will  bo  corsidered  at 
~65‘’F. 

Droop  stops 

Blade  llai'pang  shall  be  ii.mitod  by  droop  and  flap  stops. 

Failure  of.  the  stops  .shall  nut  cau-se  n catastrophic  failure 
cf  the  rotor  system , 

■'^retting  FrutCA^t.-  ovn 

To  take  advantage,  of  the  significantly  higher  allowable  fatigue 
stress  for  nonfrettod  (vs.  fretted)  structures  (Reference 
Section  (>..5),  all  areas  of  possible  metal- to-metai  contact, 
except  some  bolts  and  pins,  axe  protected  against  fretting. 

The  fx'etting  protection  originally  used  throughout  the  rotor 
system  was  a thin  (.0005"  thick),  Teflon  base  dry  film  lubri- 
cant. witn  the  trade  naH:e,  Sermetel  72.  Thu  coati,ng  is  applied 
to  the  L'ishi.’.y  outer  diametersi  to  protect  the  lugs,. gel ts  a.re  not 
protectee'  ag.ainst  fretting  since  the  curing  of  Ser.'netal  72 
requires  a baking  process  which  relieves  compressive  re.sidual 
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HLH  CRITICAL  STRUCTURES  - SYSTEMS  DESCRIPTION  AND  DESIGN  PARAMETERS 


propagation 


stresses  under  the  bold  head  and  reduces  its  fatigue  strength. 
Sermetal  72  was  chosen  as  a result  of  fretted  coupon  testing 
reported  in  Reference  2.  Subsequent  full-scale  component 
testing  indicated  that  Sermetel  was  not  a suitable  fretting 
inhibitor  for  the  pressures  experienced  in  the  HLH  rotor  head 
components.  The  section  describing  the  rotor  hub  developments 
discusses  other  fretting  inhibitors  used.  All  critical  stress 
locations  with  the  exception  of  bolt  surfaces  are  to  be  pro- 
tected against  fretting.  A coating  or  liner  will  be  used  for 
this  purpose. 

3.6  LOADS  AND  ANALYSIS 

Top-of- scatter  loads  have  been  used  in  design.  For  those  com- 
ponents which  would  be  identical  on  both  rotors,  the  higher  of 
tor-ward  or  aft  rotor  loads,  or  the  most  conservative  combina- 
tion of  both,  was  used.  The  derivation  of  fatigue  design  1 .:ads 
is  shown  in  Appendix  B of  References  8 and  9. 

3.6.1  Rotor  Hub  Loads  and  Analysis 

The  rotor  hub  was  analyzed  to  determine  fatigue  life  ,nd  ulti- 
mate strength  using  the  loads  in  Figur,.-s  20,  2"’,  28,  and 

29.  Figure  30  defines  the  loads  used  for  the  pitch  housing 
stress  analysis.  The  structural  analysis  is  reported  in 
Reference  8.  Table  7 lists  the  minimum  margins  of  safety 

from  this  analysis. 

3.6.2  Control  Loads  and  Analysis 

All  upper  control  loadings  are  based  on  pitch  link  loads, 
cither  directly,  as  in  the  case  ot  the  pitch  links  and  swash- 
plate,  or  as  the  result  of  some  kinor.atic  derivation,  as  for 
the  drive  scissors  and  actuator  attachments  on  the  stationary 
^washplate.  Tiie  steady  and  alternating  components  are  listed 
in  Table  8. 

In  these  derivations,  where  loading  by  all  tour  pitch  links 
is  involved,  it  is  necessary  that  suitably  phased  pitch  link 
loads  be  applied,  Foi  this  purpose,  the  pitch  link  waveform 
shown  in  Figure  31  has  been  selected  for  design.  It  is  a 
computed  waveform  appropriate  to  high-speed  level  flight  at 
I.IE  V-  with  the  rotor  blade  stalled.  This  form  .is  used  in 
all  analyses  with  the  mean  and  alternating  values  modified  as 
requ  Lred . 

The  structural  an-'/ivsis  cf  the  controls  is  reported  in  Refer- 
ence 9.  Table  9 lists  tlie  minimum  margins  of  liafety  from 
this  analysis. 


93 


SwJ'  cit 

C-Cr:  Puit^ 

* lS»-»  ^ 

L«ja4ii^  V=Lv&-*4r  , i ci 

‘ i 


LwA»^  i^t  As^  TO  C'^lc&Sl^t A^-1 

{’idACJ'4M,  x.'/  <Hi  t^oraiL  SiM'PT. 

*:  lAfir  UAfcki 

FIGURE  26.  HUB  FATIGUE  LOADS  At  STATION  26,  SAFE-LIFE, 
MEAN  MINUS  30 
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Gv*j  V\^i>,too 

Ar/C  IV>  VC. 

Ulxli\-  r^vJiGr^ir  . l 


LoAfei'.  A«ji  SfiowJM  AG  APt'UlC'bi  Tu  c icwiv. 
AKfcb  "^viACrcJi  iy  TVli.  '^JioiL  Gi-tA^-T. 
ie  KMr  Lo/Vt^'^ 


FIGURE  27. 


HUB  FATIGUE  LOADS  AT  STATION  26,  FAIL-SAFE 
MEAN  MINUS  3cr 


, Oco  Lft 

C&r  Sto  lO  P Vd^^ 
AK  ■■  ISO  5C. 


Ml  - ^,U(^>10'*  (kI^vO 

li?M>^  TO  C«»V,V^V/V«^  ^8.€AC\Cfci  ViorciR  AidfV 

FIGURE  28.  HUB  ULTIMATE  LOADS  AT  STATION  26,  POWER  ON 
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lUSo  To^  _ ^ 
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To 
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X 

'^yl 
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FIGURE  29.  HUB  'fLTTMATE  LOADS  AT  STATION  26,  POWSR  OFF 
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FIGURE  30  BLADE  LOADS  AT  STATION  66 


COMPONENT 


Hub  (Lug) 

Crossbeam 

Pitch  Hcusing 
(Blade  Lugs) 
(Pitch  Link  Lugs) 
(Loop  Lugs)  I 

(Shear  Shaft) 


Inbd  Damper 
Bracket 


Outbd  Damper 
Bracket 

Hub/Crossboam 

Pina 


SAFE-LIFE 


ULTIMATE  PG. 


FAIL-SAFE 


Hub  Nut 


Blade  Attach. 
Pins 


Loop  Attach. 
Pins 


msm 


.45  193 


PG. 

LIMIT 

PG. 

39 

1.10 

51 

60 

.30 

63 

103 

.72 

109 

N/A 

N/A 

158 

0 

159 

N/f 

184 

.02 

188 

197 

i 

.43 

198 

NOTE:  HS=u  inaicatea  a Sate-Life  of  360U  hours  or  a Fail-safe 

Life  of  100  hours. 

PG  = page  number,  Reference  8 


TABLE  8. 


118,00 

Condition  \ 

Ground  Conditions 
Takeof  f 

Steady  Hoverihg 
Turns  Hovering 
Hover  Control  Reversals 
Sideward  Flight 
Rearward  Flight 
Landing  Approach 
1 orward  Flight 
20%  V 
40%  vC 
50%  vr: 

60%  vr 

70%  Vj 
80% 

901  vf; 

\r 

115* 

Climb,  T.O.  Power 
Climb.  Full  Power 
Partial  Power  Descent 
Turns 

Control  Reversals 
Pull  Up 

Power  to  Autorotation 
Autorotation  to  Power 
Steady  Autorotation 
Autorotation  Turns 

Autorotation  Control  Rev. 
Autorotatio  t Landing 
Autorotation  r'ull  Up 
Ground-Air-Greund 
Pwer  Dive 


^Bracketed  nuiribera  are 


PITCH  LINK  LOADS 


LB.  GROSS  WEIGHT 


Occur . • 

Forward  Rotor 

Aft  Rotor 

1.0 

-410 

+ 

i;220 

-330 

+ 

1000 

(400) 

-530 

+ 

1600 

-430 

+ 

1300 

30.0 

-530 

1600 

-430 

1100 

(2JOOO) 

-610 

+ 

1,340 

-500 

+ 

lico 

(2.000) 

-610 

+ 

1940 

-500 

+ 

1,500 

2.0 

-1,100 

+ 

3100 

-900 

+ 

2,700 

1.0 

-1,100 

+ 

3100 

-900 

+ 

2,7  OC 

(765) 

-1^00 

■4- 

3100 

-900 

2,700 

5.0 

-1,070 

+ 

3200 

-900 

+ 

1^650 

2.0 

-1,080 

V 

3230 

-900 

2,700 

2.0 

-790 

+ 

2,370 

-650 

+ 

Ipso 

5.0 

-620 

+ ■ 

1,050 

-500 

+ 

1,500 

8.0 

“670 

+ 

2,000 

-530 

+ 

lj600 

9.0 

-830 

+ 

2500 

-660 

+ 

2p00 

16.8 

-1,070 

+ 

3,230 

-860 

+ 

2600 

1.0 

-1,370 

+ 

4100 

-U15 

+ 

.3150 

1.0 

-i;)oo 

+ 

5,700 

-1,570 

+ 

4.7  CO 

3.0 

-610 

+ 

1840 

-500 

+ 

1^00 

4.0 

-610 

+ 

1.840 

-500 

1500 

(50)) 

-820 

4* 

2140 

-660 

+ 

2,000 

5.2 

-1.570 

+ 

4,700 

-1.29C 

T 

3860 

(],000) 

-6,120 

+ 

6,120 

-5000 

+ 

5100 

(815) 

-6120 

+ 

6J.2  0 

-5.000 

+ 

s;ooo 

(270) 

-8,200 

+ 

810C 

-6,70  0 

G,700 

(60) 

-1,370 

+ 

4,10  0 

-11-15 

+• 

3,350 

(60) 

-4900 

+ 

4^00 

-4,000 

+ 

4,000 

1.1 

"1020 

+ 

3,0  60 

-830 

+ 

2,500 

0,4 

-l;570 

+ 

4,700 

-±,290 

3860 

(160) 

-5,730 

+ 

5,720 

-5p00 

+ 

5.000 

(40) 

-5,730 

w 

5,730 

-5100 

+ 

5,000 

(40) 

-3,300 

3300 

-2,700 

2.700 

(40) 

-8,200 

+ 

2200 

-6700 

+ 

GlOO 

(100) 

-5,710 

+ 

5,710 

-4,670 

+ 

4,G70 

2.5 

-1^20 

T 

5,750 

-1570 

+ 

4,700 

100 


4.0  COMPONKNT  DEVEL0PML:NT 


The  development  of  each  hub  and  upper  control  component  is 
discussed  in  this  section;  the  configuration,  the  function, 
the  construction,  and  the  tests  performed  are  considered.  The 
assembly  and  installation  drawings  are  shown  in  Figures  20,  21, 
and  22. 

Certain  features  of  several  co.^ponents  are  common  and  arc  de- 
scribed here,  and  they  apply  unless  excepted  in  the  description. 
For  example,  all  titanium  components  are  made  from  bAl-4V 
titanium  alloy  in  the  solution-treated  overaged  condition. 

Parts  were  stress  relieved  after  rough  machining,  and  fatigue 
critical  part.n  were  idiot  pet  ned  after  .‘'inal  machining.  Tlie 
Titanium  Materials  Tests  showed  that  sliot  peening  does  ni't  con- 
clusively increase  the  latigue  strcngtli.  Sliot  ptuining  is  done 
to  nullify  surface  damage  occurrinij  tiuring  machining  tliat 
would  initiate  iailures.  All  1 astener  lioles,  in  botli  titanium 
and  aluminum  parts,  that  are  assembly  points  were  buslied  witli 
i7-4Pl[  corrosion-resistant  steel.  Attacliment  liardware,  where 
size  permitted,  was  standard  low  alloy  steel.  Hardware  con- 
tacting titanium  parts  were  corrosion  resistant  steel  to  avoid 
cadmium  plating  in  contact.  Initially,  all  bushings  were 
coated  witli  Serim>ti:l  72,  an  inorganically  bonded  fluorocarbon 
containing  molybdi'mim  disulfide,  as  a fretting  inhibitor. 

Cliantjos  to  the  fretting  inhibitor  utilized  are  described  in 
the  following  set.tions.  Fasteners  larger  tlian  standard  liard- 
ware  were  fabricated  from  I'j-liPlf  eoi'rosion  resistant  steel. 

This  alloy  was  chosen  because  of  tlie  lower  occurrunco  of  inclu- 
sions, Reference  10  pr(\s('i'ts  tlic  details  of  the  fabrication  of 
tlie  luirdwui  e.  Parts  wort'  i abricated  lor  tlie  complete  demonstra- 
tion i.'oto)'  wliieli  was  operated  on  the  whirl  tower  and  DSTK. 
Additional  [lart::  were  1 abriciitod  lor  tliose  items  tested  as 
eoiuponents,  and  for  spartis. 

4 . 1 null  AND  CKOfibUFAM 

'J'he  hub  consists  of  two  identical  plates  with  four  clevises 
each.  Tlie  center  body  is  splined  to  fit  the  rotor  shaft.  The 
outer  end  of  each  clevis  ii,  bored  for  pins  wliich  attach  the 
crossbeam.  The  bushings  in  the  hub  clevises  were  machined  to 
final  inside  diameter  and  the  flanges  machined  to  a specified 
dimension  between  the  flanges.  The  titanium  crossbeam  con- 
figuration is  a ring  with  four  bosses  which  fit  into  the  hub 
clevis.  bushing  : are  install  etl  in  tliese  bosses  in  a similar 
manner  to  those  in  the  hub  lug.u.  The  diametral  fit  of  the  pins 
and  the  distance  between  flvinges  provide  for  interchangeability. 
Thu  shear  bearing  is  located  in  the  inner  diameter  of  tl.e  cross- 
beam ring  and  the  elastomeric  bearing  is  attached  to  the  in- 
boarcl  face.  T1  (>  four  shear  pins  connecting  each  crossbeam  in 
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th(j  clevis  were  retained  by  preload  indicating  bolts.  These 
bolts  had  a small  transparent  cover  on  the  head  with  a fluid 
inside  the  hollow  shank.  The  appearance  of  the  window  changed 
when  the  specified  tension  was  applied  to  the  bolt. 

The  principal  test  of  the  hub  and  crossbeam  was  the  fatigue 
test  reported  in  Reference  11,  which  is  summarized  in  Table  10. 
The  first  test  revealed  that  Sermetel  72  was  not  an  adequate 
fretting  inhibitor.  The  second  test  specimen  was  fitted  with 
separate  .sleeve  bushings,  and  washers  in  place  of  the  flanges. 
Some  bushings  were  covered  with  a Teflon  Dacron  fabric,  which 
has  been  usiid  successfully;  other  bushings  were  covered  with 
bP  15/FMlOOO,  a Nylon  opouy  adhesive  on  a Nylon  carrier  cloth. 
An  aluminum  bronze  washer  contacted  each  hub  lug  and  crossbeam 
boss  between  the  pairs  of  bronze  washers  were  a pair  of 
corrosion  resistant  steel  washers,  with  tungsten  carbide  on 
the  sides  that  contacted  each  other.  When  loaded  for  the 
fatigue  test,  the  loads  in  the  various  joints  varied  widely. 

It  was  concluded  tliat  the  relative  softness  of  the  inhibitor 
materials  was  the  reason,  and  they  were  abandoned. 


The  specimen  was  rebuilt  with  sleeve  bushings  of  wrought  alumi- 
num bronze.  A [lai'i  washers  at  each  joint  were  coated  with 
plasma  sprayed  alu  • bronze  with  Kkonol  on  the  sice  against 
tlie  titanium,  and  . !•  , ;tun  carbide  on  the  side  against  the 

other  washer.  Failure  of  the  heads  of  the  shear  pins  caused  the 
pins  to  be  redesigned  from  a semi-hollow  head  in  which  the 
securing  bolt  was  rucesr.ed  to  a solid  head.  The  bushing  con- 
figuration reverted  to  flanged  design.  Sermetel  72  was 
applied  to  the  cylindrical  part  of  the  bushing  because  failures 
in  the  first  test  did  not  originate  here.  The  under.side  of 
the  flange  was  coated  with  aluminum  bronze-L’konol  because  it 
had  performed  well  oi;  the  washers  of  the  previous  configuration. 
This  configuration  was  subject  to  endurance  testing  (flight 
loads)  and  cne  busliing,  was  removed  and  examined.  No  damage  to  the 
titanium  was  si;en,  and  tlie  fal:igue  test  was  perfor..ied.  It  termi- 
nated with  failure  of  two  hub  lugs.  Failure  due  uo  fretting 
initiated  at  the  edge  of  tlie  cylindrical  surJace  of  the  bushing 
and  the  undercut  at  the  slioulder. 


A third 

alx  fjUx'r 
material 
thus  far 
because 
line  of 
loading 
test.  F 
to  frott 


specimen  was  assembled  with  aluminum  bronze-E.kcnol  on 
aces  of  bushings  which  contacted  titanium  because  this 
performed  the  best  of  the  inhibitor  materials  used 
The  shear  pin  was  also  coated  with  this  material 
some  distress  had  been  seen  or.  the  pins  at  the  shear 
the  two  bushings.  This  specimen  underwent  endurance 
examination  of  bushing  contact  surfaces  and  fatigue 
nilure  in  this  test  occurred  in  a crossbeam  loss  due 
j ng  which  had  occurred  in  a previous  test. 
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Testing  concluded  that 

» Fatigue  testing  of  the  301-11188  hub  and  301-11280-3  cross- 
beam substantiates  a safe  life  of  2845  hours  for  the  HLH. 
This  is  a conservative  safe  life  because  the  failures  were 
induced  by  fretting  at  the  endurance  limit  fatigue  test 
load  levels  which  were  substantially  highei  than  flight 
loads . 

• Aluminum  bronzc-Ekonol  is  the  beet  fretting  inhibitor  for 
this  hub  and  crossbeam  configuration.  This  was  demonstrated 
by  an  endurance  test  where  258  hours  of  flight  load  were 
applied  to  the  specimen  without  deteriorating  the  fretring 
inhibitor . 

® The  ability  to  carry  limit  load  with  one  lug  failed  has  been 
demonstrated . 

• The  hub-crossbeura  configuration  is  satisfactory  for  flight 
on  the  HLH  prototype  helicopter.  The  prototype  crossbeam 
would  have  increased  boss  diameter,  committed  after  the 
first  test. 


106 


4.2 


.SHEAR  BEARING 


The  shear  beariny,  secured  in  the  crossbeam,  locates  the  in- 
board end  of  the  pitch  housing  and  transmits  loads  pt;rpendi- 
cular  to  the  blade  axis  to  the  hub.  The  bearina  permits  motion 
about  3 axes;  Lead-lay  and  flap  rotates  the  ball  in  tJie  outer 
race;  pitch  rotation  occurs  in  the  cylindrical  bore  in  the 
ball.  The  440C  corrosion  resistant  steel  outer  race  was  machined 
to  finished  size,  then  fractured  into  halves.  The  inside  of 
this  race  is  lined  with  Tef lon-Cacron  fabric.  The  ball,  machined 
from  the  same  steel  alloy  has  a cylindrical  bore  which  is  also 
lined  with  the  .saimc  fabric. 

Endurance  tests  were  conducted  on  three  specimens , which  is 
reported  in  Reference  12.  . The  bearing  was  subjected  to  steadv 

plus  alternating  radial  loads  while  being  moved  about  3 axes 
representative  of  its  application  in  flight.  The  environments 
in  which  the  beai'ing  was  tested  include  normal  and  elevated 
ambient  temperatures  and  sand  and  dust.  The  loading  is  shown 
in  Table  11  and  the  results  in  Table  12.  figure  32  shows 
a liner  which  ha.s  completed  testintg. 


TABLE  11.  LOAD  AND  MOTION  .SCHEDULE  - SHEAR  BEARING  TEST 


Load 

1 Mi.salignment 

Rotation 

Cyclic 

% 

Lbs . 

F lap/Droop 

L.2ad/Lag 

Pi  tch 

Rate (RPM) 

Time 

4249  + 

4511 

+ 5" 

+ 1.5“ 

15b 

88.46 

j 4854  + 

7807 

+ 5® 

+ 1.5“ 

+ 11“ 

156 

I 11.536 

i 

L 

TABLE  12 . 


ROTOR  HUB  SHEAR  BEARING  SPECIMJIN  SUMl^ARY 


Spec 

No. 

Cumulative 
Hours  Run 

— 

Test 

Hours 

Test  Condition 

Wear 

In/Hr 

Initial 

Wear-In 

Inches 

3 

1 

0 to  301 

301  to  1205 
301  to  1205 

301 

904 

Clear  at  193  RPM 
Fan  on  600  Ft/Sec 
Clear  at  156  RPM 
Fan  on  600  ft/sec 

15.4x10"^ 

7.5x10"^ 

■ 

1 

0 to  200 

200 

Sand  & Dust  at 

156  RPM 

13.7x10"^ 

.0039 

200  to  427 

427  to  557 

227 

130 

Clear  Fan  on  600 
Ft/Sec  156  RPM 
High  Temp  no  B'an 
156  RPM 

4.21x10"^ 

12.7x10"^ 

2 

1 

1 

0 to  402 

402 

Clear  c.t  156  RPM 
Fan  on  600  Ft/Sec 

6. 25:, 10"^ 

.0058 

The  testing  concluded  that: 

• using  average  wear  rates  and  initial  wear- in,  the  HLH  rotor 
hub  shear  bearing  can  be  expected  to  exceed  its  .required 
life  of  1200  hours  by  a considerable  margin. 

• Initial  wear-in  is  not  related  to  ini’.ial  tightness, 
measured  by  friction  torque,  based  cn  only  two  relatively 
loose  and  one  relatively  tight  bearings. 

• Operation  at  elevated  temperature  will  increase  the 
wear  rate. 

• It  is  not  necessary  to  protect  the  bearing  from  sand 
and  dust. 
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FIGURE  32.  SERIAL  NO.  3 LINER  WEAR  AFTER  1.290  HOURS  OF 
ENDURANCE  TESTING 


4.3 


PITCH  HOUSING 


The  titanium  pitch  housing  secures  the  blade  at  its  outboard 
end  and  transmits  the  blade  centrifugal  force  to  the  loop 
through  lugs  near  the  inboard  end.  Blade  shear  loads  are 
reacted  at  the  shear  bearing.  An  arm  on  the  leading  edge  is 
connected  to  the  swashplate  for  pitch  control  of  the  blade. 

The  center  body  and  pitch  arm  form  a hollow  chamber  which  is 
evacuated.  Passages  through  the  radial  ribs  and  the  inboard 
shaft  are  also  connected  to  the  evacuated  center  body.  A crack 
into  the  evacuated  volume  will  cause  the  pressure  to  rise. 

This  condition  is  signaled  by  a visual  indicator  on  the  end  of 
the  pitch  arm.  Corrosion-resistant  steel  sleeves  are  inter- 
ference fitted  on  the  two  inboard  shaft  diameters  so  that  the 
droop  atop  ring  and  the  shear  bearing  do  not  operate  on  the 
titanium . 


Fatigue  tests  were  conducted  on  two  areas  of  the  pitch  housing: 
the  blade  attachment  lugs  and  the  pitch  arm.  These  tests  are 
reported  in  References  13  and  14,  x espectively . For  the 
blade  attachment  lug  test,  the  specimen  was  installed  in  the 
fatigue  test  fixture  at  an  angle  of  45®  such  that  equal  flap 
and  chord  moments  could  be  applied  with  a single  loading  as 
shown  in  Figure  33.  The  load  levels  were  as  showr.  in  Table 
13  and  I hrec  lugs  were  failed  in  the  number  of  cycles  shown. 

A defect  was  deliberately  introduced  by  an  arc  burn  on  the 
bottom  trailing  edge  rib  of  the  second  specimen.  After  a 
total  of  1.0  xlO*  cycles  had  been  applied,  this  arc  burn  did 
not  induce  a crack.  Using  a circular  saw,  a cut  was  then  made 
through  the  arc  burn  to  a depth  of  .25  inch.  This  was  subse- 
quently increased  in  size  to  .62  inch  to  activate  the  delta  pres- 
sure cracK  detection  system.  This  saw  cut  did  not  propagate 
until  a total  of  1.394  x 10®  cycles.  The  specimen  was  then 
fatigued  to  the  loads  and  cycles  representing  the  flight  spec- 
trum. The  specimen  was  then  subjected  to  a static  limit  load 
of  simulated  centrifugal  force  and  a bending  moment. 


The  analysis  of  the  test  results  for  the  blade  attachment  lugs 
indicate  that  they  successfully  demonstrate  the  safe  life  and 
fail-safe  life  requirements.  The  fail-safe  criterion  requires 
3600  hours  safe  life  and  100  hours  of  operation  follow'ing  an 
initial  lug  failure.  Calculated  lives  for  this  joint  are  4445 
hours  safe  life  and  116  hours  in  fail-safe  operation. 

The  fail-safety  of  the  rib  section  was  demonstrated  ir.  excess  of 
30  hours.  In  addition  it  v;as  shown  that  a significant  flaw, 
in  the  form  of  a saw  cut,  could  be  tolerated  for  relatively  long 
periods  with  no  crack  initiation. 


The  same  two  pitch  housing  specimens  were  used  for  the  pitch 
arm  test.  The  loads  were  applied  to  the  pitch  link  clevis  with 
an  instrumented  link  as  shown  in  Figure  34  . 
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-'IGURE  33.  PITCH  HOUSING  FATIGUE  TEST  - BLADE  LUGS 


TABLE  13.  FATIGUE  SUMMARY  - PITCH  HOUSING  - SPECIMEN  NO 
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The  first  specimen  failed  after  0.401  million  cycles  at  the 
initial  load  level  of  +7600  +7600  lbs.  The  calculated  mean 
endurance  limit  is  5120  lbs  and  the  (M-3a)  endurance  limit  is 
3490  ibs » using  a coefficient  of  variation  of  12  percent.  This 
results  in  a calculated  safe  life  of  850  hours  on  the  aft  pitch 
arm.  The  failure  occurred  where  the  pitch  link  clevis  inter- 
sected the  unsupported  pitch  arm  cylinder.  No  positive  failure 
indication  by  the  crack  detection  system  was  observed.  The 
pitch  housing  was  determined  to  be  structurally  deficient  at 
the  failure  location  and  was  redesigned  for  the  prototype 
aircraft. 


Avi  initial  photoelastic  coating  investigation  was  conducted  on 
the  second  specimen  pitch  arm,  prior  to  the  modification,  to 
determine  the  strain  distribution  and  areas  of  strain  concentra- 
tion. Data  was  obtained  at  static  load  levels  of  +7600  and 
+15,200  lbs  applied  at  the  pitch  arm  lug.  Isochromatic 
photographs  were  obtained  at  these  load  levels  for  documentation 
and  subsequent  reference.  Strain  gage  rosettes  were  installed 
at  the  critical  strain  areas,  to  evaluate  the  minimum  and  maxi- 
ravun  principal  stresses,  maxim'im  shearing  stress,  and  the  principal 
stress  direction  at  each  point.  A corrosion  resistant  steel 
reinforcing  sleeve  was  installed  in  the  outer  end  of  the  pitch 
arm.  This  procedure  was  basically  repeated  on  the  modified 
pitch  arm  P/N  SK301-11745,.  to  assess  any  changes  in  the  high 
strain  areas.  The  strain  gage  rosettes  were  only  used  to  eva- 
luate the  maximum  and  minimum  principal  strains. 

The  pitch  arm  was  then  subjected  to  sinusoidal  load  inputs 
according  to  the  test  conditions  and  loading  st'quence  shown  in 
Table  14.  The  loads  were  monitored  as  in  the  case  of  the 
first  specimen.  At  the  completion  of  the  safe-life  testing, 
a crack  was  induced  at  the  base  of  the  arm,  at  the  location 
shown  in  Figure  35.  The  crack  growth  was  measured  with  a acale 
using  the  dye  penetrant  mctho<l  to  p«.>rmit  visual  inspection. 

After  the  completion  of  the  crack  growth  testing,  the  limit 
load  was  applied. 

The  modified  pitch  arm  completed  5 million  cycles  at  the  design 
endurance  limit  load  without  incident.  This  substantiated  a 
safe  life  of  greater  than  3600  hours  for  the  lug  area  and  the 
base  of  the  arm.  The  surface  crack  was  0.95  inch  long  at  the 
surface  at  the  indication  of  the  vacuum  detection  system.  The 
load  spectrum  tests  (Table  14,  runs  4 through  18),  equivalent 
to  30  hours  of  flight,  produced  an  additional  0.02  inch  of 
crack  growth,  and  the  pitch  arm  sustained  the  limit  load  appli 
cation  without  further  crack  growth.  The  required  30  hours  of 
fail-safe  operation  had  be  ;n  demonstrated  for  the  arm  to  barrel 
junction  but  the  margin  beyond  this  could  not  be  reliably  esti- 
mated. The  test  scheduTtJ  permitted  additional  testing  to  be 
accomplished,  and  the  following  tests  beyond  the  contract  and 
test  plan  requirements  were  performed. 


TABLli  14.  HLH/ATC  - PITCH  ARM  FATIGUE  TEST  RESULT; 


SIMULATEU 
PITCH  LINK 
LOAD  - LUS 

1 

TEST 

EREQ 

Hz 

TEST 

CYCLES 

+7600+7600 

5 

0.401x10* 

Failuru  at  junction 
of  pitch  link  attach 
a E rrsl  sect. 

3S 


+7600+7600 

2 +bU90+72U0 

3 +b2b0+5l60 

+ 23b0j^J520 

+2350+3S20 
+ 660+  97b 
+1360+2020 
+4000+1600 
9 + UOU+1200 

+1930+2900 
+ Ob0+  975 


+10750 

+5500+5000 


21  +2350+3520 


+16750 


37  1 +7030+7030 


Pitch  arm  modified 
per  SK301-11745 

Crack  prop-^yation  - 
slot  cut  in  arm 

Inturinudlate  crack 
propayatioii 

5 Lohb  of  vacuviin 
indication 


Repeat  of  runs 
5 thru  11 

Limit  Load 


Incruaau  crack 
yrowth 

1.34  Ruduce  crack 
yrowth 

1-40  Repeat  of  runs 
5 thru  lb 

1.40  Limit  Load 

1.50  Prototype  spare 
limited  qua!.. 


NOTE:  Positive  load  is  tension  in  simuluted  pitch  link 


115 


C^AC*:!'  I-OCaTio/W 


Z. Cur  W/Th  Z&LrM7^s  7b  ^i.OT. 

ff  

% WfOfi  O/AMOhtO  OiSC 

FIGURli  35.  HLH/ATC  PITCH  ARM  FATIGUE  TEST  - SLOT 
AND  CRACK  LOCATION 


The  pitch  arm  was  loaded  at  +5500  +5000  lbs  for  20,000  cycles 
producing  a crack  growth  to  1.24  inches.  The  pitch  arm  was 
then  loaded  at  +2350  +3S20  lbs  for  22,900  cylus  with,  a crack 
growth  to  1.34  inches.  A repeat  of  the  30  hour  equivalent  load 
spectrum  (Table  14) , runs  22  through  35)  produced  an  additional 
crack  growth  of  0.06  inch.  After  completion  of  the  load  spec- 
trum, limit  load  was  applied  without  incident.  The  final  crack 
configuration  is  shown  in  Figure  35.  This  test  demonstrates 
a safe -life  capability  of  at  least  60  hours,  twice  the  require- 
ment. 

The  fatigue  test  of  the  modified  pitch  arm  assembly  he.s  shown 
that: 

» The  safe  life  of  the  pitch  link  lugs  and  the  base  of  the 
pitch  arm  is  greater  than  3600  hours. 

• The  vacuum  crack  detection  system  is  capable  of  indi- 
cating a failure,  such  that  the  required  minimuT'i  of  30 
hours  of  flight,  after  initial  indication  can  be  achieved. 

• The  safe  life  of  the  modified  ATC  configuration  pitch 
housing,  limited  by  the  pitch  link  lug  to  arm  area, 
is  greater  than  1000  hours. 


4.4  LOOP 

The  loop  transfers  the  blade  centrifugal  force  from  the  pitch 
housing  to  the  inboard  end  of  the  elastomeric  bearing.  The 
loop  must  also  react  the  side  loads  and  torsion  due  to  de- 
flecting the  elastomeric  bearing.  The  trade  studies  discussed 
in  Section  2 concluded  that  a two-piece  loop  was  optimum. 

For  fail-safety  consideration,  the  failure  of  C’ne  of  the  two 
loop  halves  would  cause  considerable  beriding  mc-ment  in  the 
loop  when  carrying  the  load  on  the  remaining  half.  The  final 
loop  design  is  in  three  pieces  where  the  cenler  loop  is  twice 
the  thickness  of  each  of  the  outer  loops.  If  the  center  loop 
failed,  the  remaining  loading  is  symmetrical.  If  one  of  the 
outer  loops  fails,  the  remaining  two  accommodate  the  load  with 
a small  eccentricity.  Teflon  Dacron  fabric  is  inserted  between 
the  individual  loops  and  at  the  arch  where  the  loop  bears  on 
the  i Lastomeric  bearing  to  prevent  fretting.  The  arch  of  the 
loop  is  flat,  to  which  Teflon  Dacron  fabric  is  bonded.  The  arch 
of  the  loop  fits  into  the  clevis  of  the  elastomeric  nearing  for 
transmitting  the  centrifugal  force. 

Stress  analysis  reviewed  after  the  loops  were  fabricated  re- 
vealed a deficiency  in  the  fatigue  life.  Additional  loops 
were  designed  and  fabricated  with  a slightly  different  contour 
from  6AL-4V  titanium  alloy  in  the  Beta  solution-trea,.ed  over- 
aged condition.  In  this  heat  treatment,  the  part  is  quenched 
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from  a teinporature  over  the  Beta  transus , rather  than  below. 

The  original  loops  were  utilized  for  the  rotor  whirl  test  and 
the  initial  DSTR  operations.  When  the  Beta  heat  treat  loops 
were  available,  they  were  fitted  into  the  DSTR  rotor. 

The  fatigue  analysis  of  the  loops  proved  to  be  difficult  be- 
cause the  reaction  loads  and  moments  from  the  elastomeric 
heaving  were  not  available.  Initial  statement  of  elastom  iric 
bearing  spring  rates  were  totally  inadequate  Ln  view  of  the 
substantial  hysteresis.  The  measurements  of  t.he  elastomeric 
bearing  were  made  statically,  and  the  reactions  can  be  expected 
to  be  different  dynamically.  The  only  load  measurements  of 
the  bearing  meaningfiii  for  loop  analysis  must  come  from  the 
loop  reacting  the  bearing  loads  because  they  are  both  highly 
dependeiit  on  deflections.  For  some  insight  into  the  effect  on 
the  loop,  strain  gages  were  applied  to  the  loop  a’uring  the 
elastomeric  bearing  static  load  tests.  See  Figure  45  . A 
fatigue  test  was  planned  for  the  prototype  loop.s . The  test 
fixture  would  load  the  loop  and  bearing  with  equivalent  rotor 
head  parts  duplicating  the  mounting  stiffness,  while  stresses 
are  measured  with  various  deflections  of  the  elastomeric  bearing. 
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4.5 


ELASTOMERIC  BEARING 


The  elastomeric  bearing  development  was  carried  out  by  Lord 
Kinematics,  Erie,  Pa.  The  principal  items  in  the  development 
were : 

• Titanium  shim  feasibility 

• 8 inch  diameter  bearing  (LM-732-i) 

« Preliminary  design  evaluation 

• Static  testing 

• Endurance  testing 

■ 10-inch-diameter  bearing  (LM-732-7) 

• Static  and  low  temperature  dynamic  testing 

• Endurance  testing,  including  environments 
4.5.1  Titaniirm  Shim  Feasibility 
The  objectives  of  this  study  were: 

• Select  material 

• Establish  manufacturing  methods,  proce 
that  can  be  scaled  up  for  production 

• Determine  that  parts  produced  conform 

Three  methods  of  forming  shims  from  6AL~4 
sheet  were  effected:  cold  forming  to  size, 
size,  and  cold  forming  followed  by  hot  siz 

The  selected  method  was  to  cold  form  in  a tool  teel  female 
die  with  a resilient  punch,  followed  by  sizing  in  stainless 
steel  dies  at  1,350®F  for  10  to  .1.5  minutes,  depending  on  the 
size  of  the  shim. 

The  sample  parts  conformed  to  dimensional  contours  and  toler- 
ances. Fluorescent  penetrant  inspection  and  scan.ning  electron 
microscope  examination  confirmed  absence  cf  cracks  or  inter- 
granular failure.  The  hydrogen  content  was  at  acceptable 
levels . 

The  study  is  fully  reported  in  Reference  ,15. 


nd  controls 

Lremonts 

ium  alloy 
orming  to 
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4.5.2  Eight-Inch  Bearing  (LM-732-1) 


The  most  significant  design  requirements  for  the  elastomeric 
bearing  are  the  operating  schedule  of  motions  with  centrifugal 
load  for  1500  hours  endurance,  and  the  static  centrifugal 
capacity.  The  design  specification,  Refere.  ce  16  , Revision 

A,  lists  the  operating  schedule  for  the  two  rotors.  The 
requirements  were  based  on  blade  centrifugal  force  of  150,000 
pounds.  The  test  plan,  Reference  17,  Revision  B,  lists  the  test 
schedule  for  the  forward  rotor  even  though  neither  rotor  is 
uniquely  more  severe  in  mo tic  requirements. 

Bearings  were  produced  to  uhe  specification  except  that  the 
first  five  bearings  were  made  with  steel  end  plates  as  an  ex- 
pedient resulting  from  a strike  at  the  titanium  forging 
vendor.  While  this  was  being  carried  out  by  Lord  Kinematics, 
the  increase  in  blade  centrifugal  force  from  150,000  lbs  to 
170,000  lbs  caused  the  predicted  endurance  life  to  decrease 
to  an  unacceptably  low  level.  The  development  program  was 
redirected  to  a 10-inch  bearing.  However, with  8- inch  bearings 
available  and  the  10-inch  bearing  just  begun,  a certain  amount 
of  testing  was  performed  to  have  foreknowledge  of  probable 
performance  and  to  apply  this  to  the  10-inch  bearing.  Endurance 
testing  would  also  discover  any  problems  in  the  test  machine. 

The  preliminary  design  evaluation  is  reported  in  Reference  18. 
The  objectives  were: 

• To  determine  the  static  spring  rate  characterist ics  of 
the  LM-732-1  in  the  axial,  torsional,  radial  and  cocking 
(lead- lag  or  flap)  direction.s 

• To  verify  the  capability  of  the  LM-732-1  to  support 
limit  and  ultimate  axial  loading 

• To  perform  an  experimental  stress  analysis  with  strain 
gages  on  the  shims.  No  analysis  was  made  of  the  end 
plates  since  the  end  plate  configuration  has  been  changed. 

• To  verify  the  suitability  of  the  LM-732-1  bearing  for 
pre-endurance  and  endurance  testing. 

Data  available  includes  - 

• Load-deflection  curves  for  axial  and  side  (radial)  loading 
and  for  torsional  and  cocking  rotation  with  and  without 
axial  loading. 

• Measured  stresses  at  the  edges  of  3 shisns  for  axial  loading 
and  rota  lion  about  the  lead-lag  axis. 
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The  first  static  test  was  performed  by  Lord  Kinematics  at 
Pittsburgh  Testing  Laboratory.  The  small  end  plate  (outboard) 
was  cocked  10*  relative  to  the  applied  load.  The  axial  lead 
deflection  curve  was  linear  up  to  235,000  pounds,  then  in- 
creasing to  the  maximum  load  sustained  of  276,000  pounds, 
where  the  bearing  became  unstable.  Figure  36  shows  the  bearing 
with  increased  axial  deflection,  sustaining  approximately 
170,000  pounds.  Note  the  lateral  displacement  of  the  upper 
and  lower  loading  blocks.  An  increased  axial  deflection  re- 
sulted in  a decreasing  load  until  a loud  noise  occurred  with 
a sharp  drop  off  in  load.  Partial  debonding  occurred  in  the 
bearing.  The  bearing  was  subsequently  loaded  without  cocking 
of  the  small  end  plate  up  to  200,000  pounds.  Failure  to  sus- 
tain the  limit  load  for  the  higher  centrifugal  force  confirms 
the  need  for  the  10-inch  bearing. 

A loading  fixture  was  fabricated  to  simulate  the  end  conditions 
of  the  bearing  attaclvments . The  steel  simulated  loop  had  the 
flatwise  El  value  equal  to  the  titanium  Ir'op.  The  initial 
test  conducted  at  Swarthmore  College  resulted  in  a maximum 
load  of  190,000  pounds  at  11°,  and  132,000  pounds  when  repeated. 
Atteinpts  to  further  load  the  bearing  resulted  in  the  central 
shims  slipping,  laterally,  relatively  large  distances  from  the 
center  line  of  the  bearing.  The  first  occurrence  stretches 
the  elastomer  to  some  permanent  set  so  that  the  column  sub- 
sequently becomes  unstable  at  lower  loads.  This  test  is  re- 
ported in  Reference  19. 

With  the  8-inch  hearing  loaded  by  representative  rotor  head 
parts,  showing  such  poor  correlation  to  predicted  capacity, 
the  ability  of  the  10-iuch  bearing,  being  designed  by  the  same 
methods,  to  meet  requirements  was  in  serious  doubt.  One  item 
postulated  to  be  responsible  was  the  test  fixture.  A vertical 
pin  extending  from  tlic  lower  grip  fitting  of  the  test  machine 
extending  loosely  into  a hole  in  the  upper  frame  was  to  keep 
the  two  parts  in  line  by  the  horizontal  shear  force  acting 
normal  to  the  pin.  See  Figure  37,  The  pin  was  found  to  be 
bent.  Vertical  misalignment  of  the  two  parts  induced  a moment 
into  the  bearing  which  was  a bias  in  the  unstable  direction. 

The  test  fixture  was  modified  by  a more  sturdy  pin  acting  in 
slotted  brackets  (sliown  in  Figure  44).  This  configuration  of 
the  test  fixture  was  used  for  all  subsequent  tests. 

Even  with  the  modified  fixture,  the  8-inc;h  bearing  could  not 
meet  the  static  load  requirements.  More  significantly,  the 
bearing  performance  did  not  verify  the  analytical  design  method. 
There  was  doubt  that  the  10-inch  bearing  would  meet  the  static 
requirements.  Three  additional  B-inch  bearings  were  prepared 
to  explore  what  might  be  done  to  assure  that  the  10-inch  bear- 
ing would  meet  its  static  requirements: 
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170,000  LB  AT  .84-INCH  DEFLECTION 


FIGURE 


36.  8-INCH  ELASrOMEKIC  BEARING  DEFI.FCTION  TEST 
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1.  One  bearing  was  made  with  stainless  steel  shims  rather 
than  titanium,  because  the  stiffness  (Young's  modulus) 
of  the  shim  is  a factor  in  bearing  characteristics. 

2.  One  of  the  bearings  with  titanium  shims  was  cut  apart 
at  the  small  end  plate,  and  the  cone  angle  (or  “^ontour) 
of  the  shim/elastomer  laminates  was  machineu  to  the  cone 
angle  of  the  10-inch  bearing.  The  small  end  plate  was 
bonded  in  place.  This  modified  bearing  approximated 

a 0.8'inoh  scale  .model  of  the  10~inch  bearing. 

3.  A bearing  with  stainless  steel  shims  was  similarly  modi- 
fied as  in  item  2 above. 

Results  of  the  static  tests  of  the  8-inch  bearing  are  shown  in 
Table  15.  As  a result  of  this  testing,  the  10-inch  bearing  was 
to  have  stainless  steel  shims,  and  confidence  that  the  10-iiich 
bearing  would  meet  static  requirements  was  increased. 


TABLE  15.  STATIC  TEST  OP  fiLASTOI4ERIC  BEARINGS 

Bearing 

Limit  Load 
(Pounds  X 10 ’) 

Cocking  Angle  with  Loop 

0 Degrees 

11  Degrees 

8-inch  titanium  shims 

8-inch  stainless  steel  shims 

cut- down  titanium  shims 

cut-down  stainless-steel  shims  ' * 

230* 

250* 

237* 

* 255** 

212*' 

180 

210 

151* 

150 

170** 

Previous  test  history: 

j * tested  beyond  maximum  load,  considerable  deformation 

tested  to  load  limit,  slight  deformation 

1 ***  retested  with  11  degree  cocking  angle 

Endurance  testing  was  performed  on  five  8-inch-bearings  for  a 
total  of  150'  hours.  The  Test  Plan  and  Test  Report  are  listed 
as  References  17  and  19,  respectively.  The  test  machine  is 
shown  in  Figure  38. 
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PITCH 

MOTION  ACTUATOR 


BEARINGS 
UNDER  TEST 


CF  LOAD 
CYLINDER 


FLAP  MOTION  ACTUATOR 
(LEAD/LAG  MOTION  ACTUATOR  ON  FAR  SIDE) 

FIGURE  38.  ELASTOMERIC  BEARING  ENDURANCE  TEST  MACHINE 
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The  objectives  of  the  test  program  were: 

• To  assess  the  endurance  capability  of  the  JjM-732-1  bearing 
under  laboratory  test  stand  simulation  of  typical  aircraft 
motion  conditions  a.nd  C.F.  load  of  150,000  lbs. 

• To  establish  tne  environmental  resistance  of  the  spherical 
elastomeric  bearing  to  typical  exposures  of  Stoddard  sol- 
vent, hydraulic  fluid  and  JP4  fuel.  Early  fatigue  test 
results  led  to  the  deletion  of  this  objective. 

• To  check  for  fatigue  sensitive  process  flaws  in  LM-732-1 
bearing  which  may  indicate  a need  for  process  changes  in 
the  manufacture  of  the  LM-732-7  bearing. 

• To  check  out  and  gain  experience  with  the  endurance  test 
machine  prior  to  the  critical  schedule  testing  of  the 
LM-732-7  bearing. 

• The  additional  objective  of  evaluating  the  fatigue  life 
of  a LM-732-1  bearing  with  stainless  steel  shims  compared 
to  the  original  LM-732-1  with  titanium  shims  was  added  to 
the  program  as  a result  of  early  test  results. 

Significant  events  during  the  test  are  noted  on  the  chronologi- 
cal chart  below: 

Bearing 

Serial 
No.l 

123  Ti 

128  Ti 

119  Ti 

109  Ti 

124S  SS 


Shim  material  indicated  thus:  Ti-Titanium,  SS-  stainless 
s teel 

Testing  terminated  at  52  hours  because  of  substantial 
abrading  of  elastomer  between  shims 

Testing  terminated  at  52  hours  because  of  substantial 
abrading  of  elastomer  between  shims,  and  permanent  set 
(axial  bowing)  of  laminates 
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Centrifugal  force  reducea  at  128  hours  to  321,000  pounds 
to  be  representative  of  the  average  compressive  stress  on 
the  10-inch  bearing 

Testing  terminated  at  532  hours  because  of  gross  abrading 
and  squeeze  out  (extrusion)  of  elastomer.  New  bearing 
installed . 


Testing  terminated  at  700  hours  to  start  tests  on  10-inch 
bearings. 


Data  available  include; 


• Individual  bearing  torsional  load  deflection  curves  at 
various  input  amplitudes  anil  frequencies 

• Torsional  load  deflection  curves  of  a test  sample  pair 
subjected  to  axial  loads 

• Axial  load  deflection  curves  of  individual  samples 

« Change  in  magnitude  of  key  dimensions 

• External  appearance  of  individual  samples  subjected 
to  varied  loading  (photographs) 

Conclusions  to  the  development  testing  of  the  G-inch  bearing 

are : 


• The  endurance  testing  indicated  that  the  fatigue  life 
and  stability  characteristics  arc  interrela '-od . 

• Quality  of  the  bond  affects  the  endui  ance  performance;  of 
the  bearing  as  evidenced  by  the  early  breakdown  of  the 
elastomer  in  the  first  two  bearings.  Failure  analysis 
indicated  that  the  poor  bond,  verified  by  pull  test,  was 
a result  of  the  low  heat  transfer  of  titanium  affecting 
the  cure  of  the  bond  as  compared  to  that  of  stainless 
steel  commonly  used. 

• Stainless  steel  shims  provide  greater  endurance  life 

than  do  titanium  shims.  This  fact  reinforced  the  decision 
to  use  stainless  steel  shims  in  the  10-ir.ch  bearing. 

« Endurance  life  is  strongly  affecuod  by  the  compressive 
stress  in  the  elastomer. 
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visual  appearance  changes  provide  ample  advanced  warning 
of  approaching  failure.  The  spring  rate  and  dimensional 
data  accumulated  is  not  considered  sufficient  to  formulate 
significant  conclusions. 


4.5.3  Ten- Inch  Bearing 


Revision  R of  the  Development  Specification,  Reference  lu , 
listed  the  higher  blade  centrifugal  force  loads.  The  10-inch 
bearing  with  titanium  shims  was  originally  designated  LM-732-t> 
by  Lord  Kinematics.  When  stainless  steel  shims  were  comniittod, 
^he  bea^^ng  was  dei'.iyiiated  LM-732-7.  Tlie  bearing  is  shown  in 


The  I’reliminary  Design  analysis  is  reported  in  Reference  20. 
The  objectives  wer<‘; 


• To  determine  the  static  spring  rate  characteristics  of 
the  LM-732-7  in  the  axial,  torsional,  radial  and  cocking 
{lead-lag  or  flap)  directions 

• To  verify  the  capability  of  the  LM-732-7  to  support  limit 
and  ultimate  axial  loading 

9 To  perforin  an  experimental  stress  analysis  utilising 
brittle  lacquer  coating  and  strain  gages 

• To  verify  the  .suitability  of  the  LM-7  32-7  bearing  for 
pre-endurance  and  endurance  testing. 

Data  avaliable  include: 

• Load-deflection  curves  for  axial  and  side  (radial) leading, 
and  for  torsional  and  cocking  rotation  with  and  without 
axial  loading. 

« Measured  stresses  at:  the  edges  of  i shims  and  several 

locations  on  the  end  plates  for  axial  loading  and  rotei- 
tion  about  the  lead-lag  and  pitch  axis. 

The  preliminary  design  evaluation  shows  - 

® Spring  races  should  not  be  quoted  simply  as  pounds  per  inch 
or  inch-pounds  per  degree  assuming  a liner  relationship, 
figures  42  and  43  show  that  because  of  considerable  hyster- 
esis, the  force  at  any  deflection  can  vary  over  a wide  range, 
depending  upon  how  the  bearing  got  to  that  deflection.  I'or 
a.iial  deflection , Figure  40, a secant  spring  rate  from  no  load 
tc  a load  such  as  normal  RPM  centrifugal  force  is  necessary 
for  determining  blade  radial  position  from  test  to  normal 
RUM.  A tangei.t  spring  rate  is  necessary  to  determine  changes 
in  blade  position  due  to  changes  in  radial  load,  as  caused 
by  the  blade  damper  in  the  case  of  the  HLH.  For  small 
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FIGURE  42.  COCKING  LOAD-DEFLECTION  CURVES 


■30000 


FIGURE  43.  COCKING  LOAD-DEFLECTION  CURVES 


torsional  deflections,  the  spring  rate  is  independent 
cf  axial  load,  but  for  alternating  motions,  hysteresis 
must  be  considered. 

• The  relationship  among  axial  load,  cocking  moment,  and 
cocking  angle  is  evident  in  that  the  cocking  spring  rate 
decreases  with  increased  axial  load  and  would  be  unstable 
with  axial  load  high  enough.  Also,  the  critical  column 
load  decreases  with  increased  cocking  angle. 

• The  stress  levels  measured  during  the  experimental 
stress  analysis  indicate  that  the  LM-732-7  bearing  is 
satisfactory  for  its  intended  use. 

• The  energy  absorbed  by  a bearing  because  of  hysteresis  is 
considerable.  For  example,  for  five  degrees  flapping 
alone,  a high-speed  level  flight  condition,  each  bearing 
converts  approximately  1.3  horsepower  to  heat.  This  is  a 
consideration  in  endi.ranco  testing. 

• To  make  evident  the  extent  of  hysteresis,  a term  efficiency 
(n)  is  defined  as  the  work  absorbed  by  the  bearing  during 
one  complete  stroke  between  symmetrical  limits  about  a 
zero  force  reference  divided  by  the  work  in  a stroke  of 
constant  loads  of  the  peak  values  over  the  sane  displace- 
ment. The  efficiencies  for  the  conditions  in  Figures  42 
and  43  were  calculated  and  shown  in  Figure  44. 

Static  tests  on  the  iO-inch  bearings  were  conducted  using  a 
titanium  loop  as  shown  in  Figure  45.  The  first  bearing 
tested  successfuxly  sustained  399,000  pounds  ultimate  load  at 
zero  degrees  cockirig  angle.  Another  similar  bearing  failed 
to  meet  tlie  requirement  of  260,000  pounds  at  ].l  degrees. 

Lord  Kinematics  molded  additional  bearings  with  stiffer 
elastomer.  The  original  bearings  were  design.ated  "soft"  and 
the  later  bearings  "stiff".  The  stiffer  bearings  were 
expected  to  have  greater  column  stability  ]5ut  with  a penalty 
of  reduced  life.  The  stiff  bearing  exceeded  the  requirement 
at  11  degrees  by  a considerable  margin  and  another  bearing 
was  molded  with  "intermediate"  stiffness.  The  last  bearing 
also  shov/ed  considerable  margin  over  the  requiromt  iits , anu  rt 
was  considered  desirable  to  continue  the  program  with  the 
extra  margin  recognizing  a compromise  of  endurance  life. 
Loading  curves  for  these  bearings  are  shown  in  Figure  46. 

All  bearings  for  further  usage  were  of  this  intermediate 
stiffness . 
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KIGURK  46. 


10- INCH  ELASTOMERIC  BEARING  AT  11°  tJVG  ANGLE 
TITANIUM  SHIMS 


The  endurance  test  plan  and  ttot  report  are  listed  as 
References  21  and  ^2,  respectively. 

The  objectives  of  the  test  program  were: 

• To  determine  the  adequacy  of  the  bearing  configuration, 
including  elastomeric  element  design,  and  e valuation 
of  the  strength  of  the  metal  components. 

• To  determine  dynamic  endurance  capability  of  the 
LM-732-7  bearing  under  laboratory  test  stand  simulation 
of  typical  aircraft  loads  and  motions  and  selected 
environmental  conditions. 

• To  determine  the  forces  imposed  or.  connecting  rotor 
hub  parrs  during  start-up  from  low  temperature. 

• To  establish  inspection  and  replacement  criteria  for 
service  bearings  on  the  basis  of  endurance  test 
results . 

Significant  events  during  the  test  are  noted  on  the 
chronological  chart  on  the  following  page. 


Bearing  S/N 


I I I ■ < 

400  600  300  1000  1200 

Testing  terminated  at  300  hours  because  of  poor  condi- 
tion. Testing  conducted  with  one  large  floor  pedestal 
fan  blowing  on  bearings. 

Vesting  terminated  at  1100  hours.  Bearings  declared 
uorn  out.  Testing  conducted  with  smaller  blowers 
direct'iKl  at  several  points  on  bearings. 

Completed  300  hours  pro-endurance  testing  at  ambient 
conditions  same  as  bearings  027  and  028. 

Test  terminated  at  420  hours  (120  hours  of  120°F)  by 
machine  shutdown.  One  bearing  was  separated-bond  fail*..: 
accelerated  by  high  temperature. 

© Testing  terminated  at  1094  hours.  Beeirings  declared 
worn  out.  Thermocouples  installed  on  one  bearing  at 
beginning  of  test  indicated  temperatures  for  one  and 
five  hour  blocks  (see  Figuro  47).  As  a result,  block 
time  changed  to  one  hour. 

Completed  100  hours  pre-endurance.  Pre-endurance  time 
reduced  from  300  hours  because  of  success  with  previous 
bearings  in  pre-endurance. 

Testing  terminated  at  400  hours  (300  hours  planned  at 
-65“F) 


040 

041 

I I 
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All  testing  was  terminated  by  direction  with  6420  of  the  12,000 

planned  hours  accomplished.  Testing  was  terminated  to  conserve 

resources.  Further  testing  would  not  provide  any  now  informa- 
tion but  rather  a bettor  statistical  base. 

Data  available  from  those  tests  Lncludt?  - 

• (Torsional)  pitch  and  axial  load  - doflectioji  curves 
at  several  times  during  the  endurance  tost 

• Dimensions  ol  the  bearing  .l^;selllb!y  LiflL'Cted  by  change; 
in  the  elas  tonur/.sh  i in  laminate;,  at.  several  limes  during 
Lhi'  I'lnluranei'  test. 

• Dxternal  .ggu'ai  inc"  ol  t he  l>.-ai  i:ig;.  at.  ;:eveial  I iiiu 
during  t lie  em'inanee  te;;L  () 'tio  I og  i , i [.hrs  ) 

• T Liiio-t  empi -1  at  lire  plot  ol  a heal  i ng  liui  i ng  the  test  eyi.'le 
ol  oiii'  ani.1  I ive  hour  bloek;; 

» toiiil  and  d<,d  le'clion  in  lead-l  ig  ■'■■inn;;  time  at 

( i:  otof  o LUJ  t-n|  >) 

It  is  ei  me  1 uded  t iui  L 

« Till  1 ,M-  / ,t  T - / b.  a I i ng  did  no  I nii  • ■ I M le  it  ■ s i ' 1 1 1 ! i I > • > |oa  I o i 

I'.iUU  liout  s in  laboiatin'S'  l•■stin>l.  Tv/o  paii;;  ol  i.iiiiplisi 
were  te.'ded  loi  a 1 1| ) I oX  1 Ilia  I i ■ I y lIttO  Ikiiiis  i’Il'Ii  .il  rc.'i.iiii 
1. 1 '1111  'e  l a I u I ■ • . 

• The  p I i Ilia  I y e.  1 1 e ;e  o I I lie  i ■ i i I > 1 1 e to  i ea  e 1 1 M ii  • > I ■ ; : i ■ | n 1 1 o,i 
w.i  M I le  I I e V"d  I o lie  ai.‘e.  ■ 1 1 •!  d ed  I . i I i g U' ' dm.'  to  the  high 
iiiteinaJ  lieai  i ng  I ■ 'mj  .e  i a I 1 1 1 e' ; g.meialed  dm  iii'i  llm 

( lidn  I am  'e  I e; , l . 

V 'I'll  - 1 1 I g 1 1 I 1 'iiii  '(■  I . 1 1 n I e I I " • I I I - 1 ; I I I 1 1 in  . 1 1 1 e l i eii  ■ ] y ; : I ii  n I 

endii  r .uiei.'  I i I i • . The  I e; . I w..  :•  exeer.; . i i ! y ■:  i .eei  . in  l.ha  L 
I liere  was  no  eiri’uJatoiy  .i  i i in  the  eiiambei  siniounding 
the  bear  i mj.".  . 

• Jiie  low  LLiiiperature  i mv  i i oniium  I a 1 lest  did  nut  i nci  e>ise 
the  rate  ut  de-ter  i oration  ol  I tie  t'earing.  AM.hougii 

i iierc  is  no  ■juani  iliitive  iiieasuii’  i t pel  ioi  iiianei.,'  dui  i iig 
low  t emper.i!  Ill  o upeLPilion,  an  i mpi  (.'Vi.'iuent  in  latigue 
perlermanee  imoliaiilv  oeeuj  s , In  luse  ol  i iiei'eased  heat 
d i 'm  i [luU  i on  . 

• 'I'tu'  tree  lieigtit  anil  the  axi.il  spring  rate  decrease  with 
usage.  it  tloes  noi  appear  that  they  can  be  used  as 
indicators  of  expended  or  risnaining  useful  lile.  The 
rotor  hub  desiejn  must  make  provisions  tor  the  change  of 
radial  position  ot  tlie  rotor  bl..ide  as  tiie  bearing  ages. 
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• The  torsional  spring  rate  and  the  other  dimensional 
characteristics  did  not  exhibit  trends  which  would  allow 
prediction  of  bearing  life.  In  addition,  these  measure- 
ments would  be  difficult  to  perform  in  service. 

• Visual  appearance  of  the  elastomer  gives  adequate  indi- 
cation of  the  status  of  deterioration  of  the  bearing. 

• The  correlation  of  bench  testing  with  service  experience 
remains  to  be  established,  particularly  in  view  of  the 
largo  amount  of  heat  generated  and  the  sensitivity  of 
bearing  performance  to  bearing  internal  temperature. 

4.5.4  Whirl  Tost 

After  8.7  hours  of  operation  of  the  demonstration  rotor  on  the 
whirl  tower,  one  of  the  bearings  showed  separation  of  the 
elastomer  from  the  lower  side  of  the  spherical  segment  of  the 
small  end  plate.  When  viewed  from  above,  no  separation  was 
evident.  All  four  bearings  were  removed  and  returned  to  Lord 
Kinematics.  The  failed  bearing,  serial  no.  015,  was  completely 
separated  when  cemoved  (Figure  48)  . Approximately  90%  of  tjie 
into. face  showed  bare  metal,  indicating  failure  of  the  adhesive 
to  bond.  The  remainder  of  the  interface  was  separated  by 
failure  of  the  elastomer. 

Failure  analysis  using  scanning  electron  microscopy  and  other 
laboratory  techniques  reported  in  Reference  23  indicated  that 
there  was  a contaminant  on  the  surface  of  the  small  end  base 
plate  where  the  separation  of  the  elastomer  occurred.  Where 
the  elastomer  had  adhered,  there  was  no  contaminant.  The 
Contaminant  was  identified  as  the  detergent  that  is  used  only 
in  cleaning  the  metal  parts  be.'^ore  the  adhesive  is  applied. 
Corrective;  action  was  taken  to  control  the  cleaning  process. 

The  other  three  whirl  test  bearings,  S/N  014,  016  and  017,  were 
subjected  to  lead-lag  static  deflections  through  14®.  No 
anomalous  behavior  was  noted.  The  bearings  were  also  subjected 
to  pitch  change  cycling  of  +12®  at  156  cycles  par  minute  for 
30  minutes.  Dynamic  cycling  was  considered  the  best  method 
for  bringing  out  incipient  bond  failures.  Two  new  bearings, 

S/N  033  and  034,  that  were  being  used  by  Lord  Kineniatica  for 
their  preliminary  design  evaluation  work  task  were  diverted 
and  installed  on  the  demonstration  rotor.  Two  of  the  rein- 
spected bearings  v/ei  e ro-installed  and  a third  held  as  a spare. 

The  careful  inspection  at  this  uimo  revealed  that  the  surface 
of  the  elastomer  was  covered  with  a network  of  shallow  cracks. 
Tl;is  checking  was  attributed  to  ozone  attack,  a well-known 
phenomenon  with  rubber.  As  was  expected,  there  was  no  progres- 
sion noticeable  during  the  whole  program,  since  elastomer 
bearings  are  extremely  tolerant  of  this  surface  checking. 
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Immediately  prior  to  the  discovery  of  the  separation  of  the 
elastomer,  tht:  rotor  was  probably  operating  with  most  of  the 
base  plate  surface  separated.  There  was  no  real  indication 
from  the  rotor  operation  that  there  was  separation.  As  an 
indication  of  what  might  happen  with  a complete  bearing  failure 
in  this  mode,  a separated  bearing  was  installed  in  the  endvrance 
test  machine  with  a normal  bearing.  It  was  operated  through 
a complete  block  of  ail  the  loads  and  motions.  The  machine 
and  bearing  operated  with  no  unusual  indications.  Normal 
operation  is  not  une.'cpected  because  the  concentric  spherical 
laminates  of  shims  and  elastomer  nest  more  securely  with 
axial  load.  The  friction  between  the  elastomer  and  the  end 
plate  was  sufficient  to  prevent  slippage  during  rotation  about 
all  axes.  This  laboratory  demonstration  gives  confidence  that 
the  bearing  will  function  for  a limited  time  in  a rotor  even 
though  there  is  a complete  separation  of  the  base  plate. 

4.5.5  DSTR 

The  difficulty  in  simulating  operating  environments  for  the 
bearing  in  the  laboratory  was  emphasized  when  temperatures 
were  measured  on  the  10-inch  bearing  during  endurance  testing. 

An  attempt  was  made  to  measure  temperatures  on  a bearing  operat- 
ing on  a rotor  for  at  least  the  hovering  regime  of  flight.  The 
DSTR  would  provide  the  loads  and  motions  on  the  bearing  and  the 
thrust  generated  would  provide  the  air  flow.  Four  thermistors 
were  bonded  to  the  edge  of  the  second  shim  from  the  small  end 
plate  in  the  0 . 5 -inch-diameter  core  hole  of  the  bearing.  The 
wires  were  directed  to  the  small  end  plate  and  out  through  a 
hole  drilled  near  the  edge  of  the  elastomer.  The  lower  end 
of  the  core  hole  was  potted  with  silicone  rubber.  Thu  motions 
of  shims  caused  the  lead  wires  to  break  early  so  that  no  data 
were  available.  The  low  priority  for  these  data  and  the  rework 
to  preload  the  bearings  were  the  reasons  that  no  further 
attempts  wore  made  to  measure  temperature. 

It  has  been  discovered  on  the  DSTR  that  when  the  rotor  is  at 
rest  for  long  periods,  the  bearings  can  develop  local  tearing 
in  the  rubber  layer  between  the  small  end  plate  and  the  first 
shim  on  the  lower  lag  side.  One  bearing  was  torn  sufficiently 
to  require  replace.ment.  The  tearing  is  due  to  the  tension  on 
one  side  of  the  bearing  resulting  from  being  deflected  in 
droop  and  lag  as  well  as  the  axial  tension  reaction  the  lag 
damper  driving  the  blade  to  the  lag  stop.  It  is  the  same 
condition  that  caused  the  bearing  to  separate  on  the  whirl  tower. 
That  bearing  failed  early  because  of  the  poor  bond.  The  solu- 
tion was  to  provide  a compressive  preload  of  approximately 
40,000  pounds  on  the  bearing  while  the  rotor  is  at  rest.  This 
was  accomplished  by  the  addition  of  the  thrust  button  shown  in 
Figure  49,  and  there  was  no  further  degradation  of  this  type. 
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4.5.6  Conclusions 


• The  LM-732-7  bearing  is  adequate  for  the  Prototype  and 
also  for  an  Engineering  Development  phase  of  an  HLH 
program. 

• The  bearing  is  fail-safe  in  this  application  for 
separation  failures. 

• The  bearing  must  be  preloaded  or  otherwise  protected 
from  tensile  loading  to  avoid  damage. 

• Visual  examination  is  the  best  way  to  inspect 
for  incipient  failure  or  remaining  life. 

• Moderate  cheexing  (surface  cracks)  alone  is  not  cause 
for  rejection  of  a bearing  in  service. 

• If  there  is  to  be  design  change  of  the  Rotary  Wing 
head,  consideration  should  be  given  to  the  elastomeric 
bearing  to  reduce  the  compressive  stress  in  the  elasto- 
mer and  to  reduce  elastomer  stiffne.ss.  These  changes 
would  increase  the  life  of  the  bearing.  A secondary  item 
for  trade-off  would  be  an  open  center  to  facilitate  heat 
d i ss ipat i on . 


4.6 


DROOP  STOP 


The  droop  stop  function  is  to  support  the  blade  above  the 
ground  and  the  fuselage  when  the  rotor  is  at  rest,  but  not 
contact  in  flight. 

The  HLH  configuration  is  .such  that  the  position  of  the  blade 
at  rest  is  higher  than  the  flight  clearance  requirement. 
Therefore,  a tv;o-poa ition  droop  stop  was  required. 

The  moment  of  the  bltide  is  reacted  essentially  vertically  on 
the  outboard  lip  of  the  crossbeam  and  the  shear  bearing. 

The  crossbeam  contains  a titanium  stop  block  replaceable  if 
damaged.  The  droop  stop  part  on  the  pitch  housing  is  a conical 
ring  lined  with  Teflon  Dacron  fabric  that  slides  and  rolls  on 
the  inboard  shaft  end.  A spring  holds  the  ring  at  rest  in  the 
inboard  position.  In  this  position,  the  ring  between  the 
pitch  shaft  and  tae  crossbeam  holds  the  blade  in  the  higher 
ixisition.  As  the  rotor  increases  speed,  the  centrifugal 
force  on  the  droop  stop  ring  overcomes  the  force  from  tlie 
Sfjring,  and  the  ring  moves  outboard  between  95  and  115  rpm. 

With  the  full  rotor  assembled  for  the  first  time  on  the  whirl 
tower,  the  centrifugal  droop  stops  worked  out  of  engagement 
with  the  rotor  at  rest,  causing  the  blade  to  drop  to  the  lower 
flight  stop  position,  and  the  edge  of  the  droop  stop  to  be 
chipped.  The  droop  stop  had  a cylindrical  bore  fitting  over 
the  pitch  housing  sha  't,  and  a conical  outer  surface  that 
contacts  the  pads  in  the  cross  beam-  When  at  rest,  the  forces 
on  the  cyl  i.ndrical  and  conical  surfaces  caused  an  outward 
comuonoiit  of  force  on  the  stop.  Whi.'n  totally  at  rest,  friction 
opposed  that  outward  force.  When  winds  caused  the  blade  to 
move  slightly  in  fead/lag,  the  rolling  motion  of  the  stop  was 
sufficient  to  allow  it  to  wutk  itsell'  outward  against  the 
centrifugal  restraining  spring. 

A set  of  redesigned  .stop  rings  , bK301--11751--l , was  installed. 
These  rings  had  a cylindrical  outside  as  wc;!!  as  inside. 

With  no  radial  component  of  forces  from  the  pitch  shaft  and 
stop  blocks,  the  cerlrifugal  spring  is  adequate  to  hold  the 
stop  block  during  all  the  rolling.  T.he  stop  blocks  now  have 
two  shorter  surfaces  rather  than  the  single  surface  that  would 
acco;mnadate  both  droop  angles.  The  stop  ririy  or  block  will 
yield  at  u Icjwer  g load  but  deformation  of  droop  stops  is  not 
expected  to  present  a safety  hazard.  The  DSTR  parts  showed 
no  noticeable  yielding. 
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The  static  position  of  the  blade  tips  was  measured  on  the 
DSTR.  They  were  lower  than  expected;  hence,  the  blade- 
fuselage  clearance  was  decreased.  The  rea£  • for  the 
increased  droop  at  the  tip  was  the  greater  lections  in 
the  hub  ccnponents.  This  was  concluded  by  measuring  the 
angle  from  horizontal  at  a number  of  points  on  the  hub  and 
pitch  housing  with  the  blade  oft  the  droop  stop,  and  with 
the  droop  stop  supporting  the  blade  weight.  A set  of 
droop  stop  blocks  that  provided  -1®  droop  angle  rather  than 
the  original  -2*^  were  fabricated  and  installed  on  the  DSTR 
rotor  head  to  pieclude  excessive  droop  during  starting  and 
stopping.  The  control  system  for  the  aircraft  will  require 
limitations  on  the  applied  cyclic  control  (nominally  zero) 
during  these  operations  to  restrict  the  blade  from  negative 
flapping  and  to  prevent  the  droop  stop  rings  from  engaging. 
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4.7 


FREQUENCV  SELECTIVE  BLADE  LAG  DAMPER 


The  detail  design,  fabrication,  fatigue  and  qualification 
testing  of  full-scale  frequency  selective  lag  dampers  was 
subcontracted  tc  the  Bertea  Corporation,  Irvine,  California. 

This  damper  incorporated  an  8000-pound  preload  to  pull  the 
rotor  blades  back  against  the  lag  stop  to  prevent  aircraft 
wallowing  on  rotor  startup,  A combination  accumulation  - 
reservoir  mounted  inside  the  hollow  rotor  shaft  serviced  all 
four  dampers. 

Five  frequency  selective  lag  dampers  were  delivered  to  Boeing 
Vertol  and  are  retained  at  Bertea  for  qualification  tesuing. 

Four  of  the  five  Boeing  Vertol  dampers  were  installed  on  the 
rotor  (Figure  50) , and  the  spare  unit  was  bench  tested  in  the 
laboratory. 

Performance  testing  of  the  lag  damper  in  a mixed  frequency 
laboratory  environment  showed  energy  dissipation  well  in  excess 
of  specification  requirements. 

The  whirl  tower  testing  showed  two  basic  and  unforeseen  problems, 
however.  The  first  is  a limit  cycle  phenomenon,  or  ''hunting"; 
the  second  is  a frequency-selective-damper  control  valve  by 
passing  due  to  low  rate  changes  in  blade  lag  position  which 
accompany  changes  in  power;  i.o.,  maneuver  transients. 

Limit  Cyclinr) 

A hunting  or  limit  cycle  phenomenon  in  which  there  is  alter- 
nately a loss  of  tension  and  compression  cycle  damper  force 
was  experienced  during  the  whirl  tower  test,  program.  This  con- 
dition is  illustrated  in  the  time  history  of  Figure  51.  Prior 
to  "Cycle  0",  the  damper  is  developiij  load  in  response  to  the 
l/4()  blade  motion  only  in  the  extension  (tension)  direction. 

Just  prior  to  "Cycle  O"  the  damper  begins  to  develop  load 
during  the  retraction  (compression)  cycle  whicn  is  followed 
almost  immediately  by  a forward  shift  in  the  blade  mean  lag 
position  and  a loss  in  extension  cycle  damper  force.  At  "Cycle 
39"  the  revfsrse  process  takes  place.  It  is  evident  that  thin 
switching  phenomenon  will  be  repeated,  giving  rise  to  an  un- 
acceptable low-f requercy  hunting  of  the  blade  about  its  equili- 
brium position.  Similar  rnyultS;  Figure  52,  liave  been 
obtained  with  an  effective  C.F.  spring  and  an  existing  analytic- 
al model  of  the  damper.  The  analytical  time  history  differs 
slightly  from  the  test  results  in  that  the  condition  has  been 
initiated  by  an  impulse  at  time  zero.  Displacement  of  the  FSD 
control  valve  has  been  shown  for  reference  purposes  and  explains 
the  iiieehanism  of  the  low-frequency  oscillation.  In  response 
to  the  initial  disturbance,  the  FSD  valve  is  displaced  to  one 
side  of  its  null  oi  center  position  which  unlc.iads  the  damper 
during  ttie  retraction  cycle.  In  turn,  the  absence  of  a 


figure  50.  frequency-selective  damper 


FIGURE  51.  VHIRL  TOWER  DATA  - FREQUENCY-SELECTIVE  DAMPER 


retraction  cycle  force  causes  the  blade  to  oscillate  about  a 
position  aft  of  its  equilibrium  position.  As  the  decaying 
valve  displacement  approaches  its  equilibrium  position,  the 
retraction  cycle  forces  begin  to  build  up  and  the  blade  starts 
to  move  forward-  Due  to  the  blade  inertia,  the  blade  main 
lag  position  overshoots  the  equilibrium  position  which  drives 
the  FSb  control  valve  over  center  in  the  opposite  direction, 
causing  a loss  of  extension  cycle  damper  force.  At  this  point, 
it  is  apparent  that  the  cycle  is  repetitive  and  essentially 
undamped. 

Degradation  During  Maneuver  Transient 

During  entry  or  recovery  from  a maneuver,  the  rotor  horsepov>er 
increases  or  decreases  at  a rate  which  is  determined  by  the 
pilot's  rate  of  collective  input.  The  change  in  rotor  horse- 
power produces  a change  in  the  mean  blade  lag  angle,  which,  in 
turn, affects  the  damper  performance.  If  the  maneuver  entry  and 
recovery  are  represented  by  ramp  changes  in  moan  blade  angle, 
the  analytical  plot  of  Figure  '>3  shows  the  conditions  which 
affect  the  damper.  For  damper  ramp  velocities  less  than  .02/ 
in/sec,  the  FSD  control  valve  remains  within  the  center  dead- 
band (overlap  region)  and  FSD  operation  is  essentially  un- 
changed. At  higher  ramp  velocities,  the  FSD  control  valve 
is  driven  off  center,  resulting  in  a loss  of  damping  force  in 
one  direction  (1/2  cycle  damping).  The  loss  in  damping  will 
persist  until  the  blade  is  . :abilized  at  the  new  mean  lag 
position  and  the  FSD  valve  has  recentered.  Valve  recentering 
time  based  on  laboratory  testing  is  typically  on  the  order  of 
3.5  seconds.  When  the  ramp  duration  is  such  that  the  FSD 
valve  is  driven  to  the  hardover  position,  the  valve  is  closed 
and  the  damper  operates  as  a non-FSD  damper.  Lines  of  constant 
maneuvering  horsepower  indicate  that  delta  horsepower  up  to 
approximately  1000  horsepower  lie  within  tiiC  1/2  cycle  damping 
region  for  the  typical  maneuver  time  of  2 to  4 seconds.  Since 
a delta  of  1000  horsepower  represents  roughly  11%  of  full  power, 
a large  number  of  maneuvers  will  be  performed  in  the  1/2  cycle 
damping  region.  Thus,  a typical  ramp  duration  of  2 to  4 seconds 
together  with  a 3.5  second  valve  recovery  results  in  up  to  7.5 
seconds  of  1/2  cycle  damping.  While  this  may  or  may  not  be 
unacceptable,  it  is  clearly  undesirable  since  it  degrades  the 
damping  action  at  all  frequencies. 

Extent  and  Impact  of  Necessary  Modifications 

Analytical  investigations  revealed  that  the  low  frequency  limit 
cycle  is  a function  of  the  leakage  area  across  the  FSD  drive 
cylinder.  While  a complete  analysis  was  performed,  there  is 
evidence  to  indicate  that  additional  overlap  in  the  FSD  control 
valve  is  also  beneficial.  Figure  54  shows  a comparison  be- 
tween a non-FSD  damper  and  an  FSD  damper  incorporating  a larger 
leakage  area.  Exami.iation  of  the  damper  displacement  waveforms 
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RAMP  DURATION  - SEC 


DAMPER  RAMP  VELOCITY  - IN/SEC 


FIGURE  53.  UAWl'ING  CHARACTERISTICS  WITH  RAMP  CHANGE  IN 
BLADE  POSITION 
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FIGURE  54.  TRANSIENT  RESPONSE  CO.HPARISON 


iudicati;s  t.ho  niodilJvd  FSD  uonf iy uratioa  atabii izc-s  almost  as 
rapidly  ,is.  till!  non-Kli'D  coni  iqur  ation . 

A brill  latiiiatoi V was  coiiductiid  to  uvaluate  thu  ottuots 

ol  iiicio.iui.'U  di  ivi!  cylinder  leakage.  KeBponse  to  transient 
iMpnlT  nhowed  a n iynil  i cant  iiiipriivomeiit  in  K.SD  control  valve 
jei.oveiy  liiiii.’,  an  i 1 lunti»»  I od  in  I'iyure  '>!i.  Suvoral  sinyle 

tioqauiicy  H toady  - H La  tij  i.'ondi  t ions  were  invest  i ya  ted  and  the 
('(•suin')  a(u  suinmaiizeJ  bulu^.  The  results  indicab-a  siynili- 
(;ttnL  roductiun  in  iineryy  diaBipation  tor  Hinall  amplitude  low 
t i oyuuncy  ini.iuLii  (low  vu  li>c)  t.  ies)  due  to  LIiu  increabcd  drivt.' 
cyliiK.lni  icakatp.'.  Uaiicd  on  curn-nt  analynefi,  this  reduction 
in  niiialr  am(.ilitude  daiiiplny  iu  belii.-vud  luaryinul  tor  yround 
stability  idiii  uiiacc'.'pLab U-  lor  enyine/drive  synteiii  torsional 
stability.  Vhei »:  is  a iitioiiy  poss  il)i  1 i t y , however,  that  this 
situatioji  can  be  alleviated  by  in.'ans  ot  additional  overlap)  in 
tile  t-'db  control  valvi'. 
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problem  and  provides  a significant  improvement  in  valve  re- 
covery time,  this  fe;.ture  alone  is  noc  an  adequate  solution 
to  the  ramp  displacement  transient  problem.  On  the  contrary, 
the  increased  leakage  compounds  this  problem  to  the  extent  that 
the  region  of  1/2  cycle  damping  is  enlarged.  The  ideal  solution 
consists  of  a mechanism  which  permits  the  FSD  control  to  sense 
o.nly  alternating  lag  motions.  Since  the  damper  will  also  re- 
spond to  very  lo(/  frequencies  (less  than  approximately  ,5  cps) 
in  the  same  manner  as  a ramp  it  is  also  necessary  to  exclude 
these  frequencies  from  the  damper. 

Resolution  of  these  ba.;ic  problems  with  the  FJD  was  impractical 
within  the  scope  of  the  ATC  program.  Since  all  damper  parts 
were  fabricated,  the  d.ampurs  were  reworked  to  lock  out  the  fre- 
quency selective  feature  for  the  DSTR  tesf  ing  with  no  other 
change  in  the  basic  damp{!r  configuration. 
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FIGURE  55.  LABORATORY  TRANSIENT  RESPONSE  TEST 


Despite  the  present  shortcomings,  it  is  still  believed  that 
the  FSD  concept  correctly  implemented  offers  a potentially 
significant  damping  improvement  for  the  mixed  frequency  air 
resonance  condition.  The  following  future  program  is  recom- 
mended : 

1)  Define  and  investigate  analytically  a mechanism  to 
eliminate  the  degradation  due  to  ramp  displacement 
transients . 

2)  Assuming  a satisfactory  solution  of  Item  (1) , optimize 
FSD  cylinder  leakage  and  valve  overlap  to  eliminate 
limit  cycling  while  retaining  acceptable  low  velocity 
single  frequency  damping. 

3)  Modify  an  existing  FSD  damper  and  conduct  sufficient 
bench  testing  to  confirm  analytical  results. 

4)  Conduct  a preliminary  flight  test  evaluation  with 
one  operational  PSD. 

Modify  additional  units  and  conduct  a thorough  flight  test 
evaluation  to  obtain  comparative  FSD  and  non-FSD  perf orn\ance . 
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The  swashplaLe  rings  were  machined  from  7075T7  aliiminum  alloy 
forging.  Each  ring  is  basically  a U-shapo  with  a closing  cap. 
The  section  is  closed  hermeticall / by  AF-30  adhesive  and  an 
0-ring,  The  structural  joint  is  made  by  the  same  adhesive  and 
two  rows  of  studs.  Boron-epoxy- wound  rings  were  bonded  into 
grooves  on  the  rings  with  TAME  200  PB-2  acrylic  adhesive 
(Keference  24) . The  boron  rings  were  covered  with  a urethane 
strip  bonded  in  place.  The  double-row  ball  bearing  was  51.5 
diameter  at  the  ball  path.  Lip  seals  contained  the  grease 
lubrication  with  the  upper  seal  lip  directed  to  pass  grease 
out  during  purging.  The  seal  lips  rubbed  on  thin  corrosion 
resistant  steel  bands  bonded  co  spacer  rings.  The  other  sur- 
faces of  clamping  rings  were  originally  specified  to  be  coated 
with  nylon  as  a fretting  inhibitor,  but  considerable  difficulty 
was  encountered  in  this  process.  The  coating  was  changed  to 
MIL-L-89J7  Solid  Film  Lubricant.  This  material  sex'ved  satis- 
factorily in  the  light  fretting  environment.  The  lugs  for  the 
control  actuators  on  the  stationary  ring  and  those  on  the  ro- 
tating ring  for  the  pitch  links  are  fail-safe  in  that  one  lug  of 
the  clevis  will  sustain  flight  for  100  hours.  The  bolts  at 
these  attachments  are  hollow  and  filled  with  a dye  so  that  a 
crack  will  be  evident  upon  visual  inspection.  The  ends  of  these 
bolts  are  retained  so  that  neither  end  will  fall  out  should  the 
bolt  separate.  The  stationary  ring  has  six  grease  fittings  so 
that  purging  may  be  accomplished  around  the  complete  periphery 
of  the  bearing  without  turning  the  rotor.  The  stationary  ring 
also  has  a threaded  hole  for  the  shock  pulse  meter  transducer 
for  bearing  failure  detection. 

The  swashplate  endurance  test  was  performed  on  two  sets  of  ATC 
swashplate  assemblies  and  one  set  of  prototype  assemblies. 

The  primary  objectives  of  this  test  were: 

a.  The  evaluation  of  swashplate  performance  under  a 
duty  cycle  providing  the  extremes  of  anticipated 
flight  operation. 

b.  Demonstration  that  the  upper  controls  are  capable 

of  satisfactory  operation  over  a substantial  portion 
of  their  design  lives. 

Secondary  objectives  include  evaluation  of  the  swashplate 
bearing  failure  detec  ion  system,  i.nd  the  wear  characteristics 
of  pitch  link  rod  enD  uearings  under  simulated  flight  loading. 

The  testing  was  performed  in  a back-to-back  configuration  as 
shown  in  Figure  56,  reijuiring  two  si?ts  of  tost  components  as 
not'.'d.  Dummy  or  simulated  components  were  utilized  where  their 
substitution  will  not  comprtjmi  se  test  n'sults.  The  specimens 


figure  56.  HLH  SWASHPLATE  ENDURANCE  TEST  FIXTUPi 
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ill  Table  la.  The  luaximuni  load  test  2 was  the  octed 
eaiiabiliLy  of  the  be.ivvtnj  iiaud.  Teat  i loads  oiicumpass  ail 
tli^ht  load» . Tul'  the  I'iiKt  test  the  load  was  applied  in 
ineie'iiient!;  until  a sltjady  comptKNS  i ve  load  of  1‘j0  pounds  with 
an  alturnatim/  loaii  ot  11790  iiounda  (-190  * ^790)  was  obtained 
in  the  |.>iteh  links.  This  loail  eomlition  was  J un  lor.  a total 
ondiiranee  time  ot  211.0  hoars.  Upon  eoinp ! ''t  ion  of  211.0  hours 
at  tliiu  load  level,  the  loads  coni  o rm.i.  ntj  Lo  condition  (1)  as 
ahown  on  Taole  U'  were  applieii  and  the  Lestiinj  continued  tor 
an  additional  20.8  houm. 

At  219.8  hours  endurance  timi;  and  still  on  load  condition  (1), 
the  vibration  .sensor  on  the  iixture  automatically  shut  the  test 
down.  The  indicator  on  the  upper  swashplate  rotating  ring 
assembly  showed  loss  ol  vacuum  at  some  time  between  230.7 
and  219.8  endurance  hours  when  tile  automatic  shutdown  occurred. 
Inspection  ot  the  upper  swashplate  assembly  showed  several 
cracks  in  the  rotating  ring,  and  spalling  of  the  balls  and  a 
tailed  cage  in  the  swashplate  bearing  assembly  (S/N  4).  For 
a complete  description  of  damage  to  the  swashplate  see 
Appendix  1 of  Reference  29. 

Following  this  unsuccessful  test,  strain  surveys  were  conducted 
on  the  lower  swashplate  assembly,  a portion  of  the  tailed 
swashplate  assembly,  and  the  Dynamic  System  Test  Kig  (DSTH) 
swashplate  assembly.  The  results  of  these  surveys  confirnied 
that  the  rings  needed  stiffening  in  order  to  adequately  suppxjrt 
the  swashplate  bearings,  or  that  a considerably  deeper  race 
was  requLr<!d  to  contain  the  ball  path. 

A third  completed  swashplate  was  modified  tor  the  second  ATC 
test.  Modification  consisted  of  bonding  12  bulkheads  within 
the  rotating  ring  as  defined  ty  .SK301-11742 . Swashplate  S/N 
A-101  (from  ATC  Test  1)  was  also  modified  the  same  way.  m 
addition,  the  two  boron  stiffening  rings,  and  t(ie  ridges  on  the 
cover  retaining  t.he  boron  rings,  were  machined  off.  Steel 
rings,  with  the  same  EA  value  as  the  boron  rings,  were  bonded 
and  pinned  to  the  cover.  Bearings  with  a maximum  depth  of  27'4 
were  used  loi  t)iis  test. 

The  rotating  ring  was  rrhecked  and  found  to  be  leaking  air  into 
the  swashplate  rotating  ring  .in  the  area  of  the  steel  rings  on 
the  cover.  These  leaks  wen.'  plugged,  the  ring  evacuated,  and 
testing  continued  at  load  irondition  1.  Once  in  operation,  the 
leakiitje  fi'oci-ur i ed  in  this  l i.ng. 
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HLH/ATC  SWASHPLATE  ENDUKANCE  TEST  LOADING 
SCHEDULE 


TEST  1 


CONDITION 

HOURS 

PITCH  LTKK’  LCJSDnTBT 

THRUST 

T,H 

MOMENT 

_1N.-LB 

STEADY 

ALT. 

Cl) 

HIGH  SPEED 
LEVEL  FLIGHT 
AND  MANEUVER 

249.25 

(99.7%) 

-4260 

+ 4365 

-17,040 

298,455 

(2) 

MAXIMUM 

MANEUVER 

0.75 

(0.3%) 

-7420 

+ 7350 

-29,680 

502,735 

(3) 

INCIPIENT 

BEARING 

FAILURE 

-2360 

+ 3185 

- 9,430 

2l7,7-'0 

TES'Ji 

2 

(1) 

SbWH 

238.7 

-1250 

j^4275 

- 5,000 

292,410 

(2) 

TURNS  & 
CONTROL 
REVERSALS 

1.6 

(0.64%) 

-5730 

+ 6532 

-22,920 

446,790 

(3) 

AUTOROTA- 
TION & 
CONTROL 
REVERSALS 

9.7 

(3.88%) 

-6120 

+ 6976 

-24,480 

447,160 

TES'l 

1 

(1) 

237.0 

-1200 

+ 4105 

- 4,400 

257,180 

C2) 

TURNS  (. 

CONTROLS 

REVERSAl-S 

1.6 

(0.64%) 

-5730 

j:6530 

-22,920 

446,660 

(3) 

1 

AUTOROTA" 
TIOK  6 
CONTROL 
REVERS^diS 

9.7 

(3.88%) 

-6120 

+ 6980 

-24,480 

477 

• ' ' r • ■w 

(4) 

1 

PULL  UPS 

1.7 

(0.68%) 

-8200 

+ 9350 

-32,800 

639,5.30 

162 


Tcstiny  was  continutjd  for  an  additional  27.8  hours  while 
monitoring  the  leak  rate.  During  this  period  of  operation, 
the  leak  rate  continued  to  increase.  After  126.8  hours  of 
endurance  operation,  the  rig  was  shut  down  to  perr.iit  a leak 
check,  ultrasonic  and  X-ray  examinations  of  the  lower  portio.n 
of  the  rotating  ring. 

Visual  inspection  of  the  raceways  of  each  of  the  sw.t ;;hplate 
bearings  after  tests  1,  2 and  3 provided  important  inforniation 
concerning  the  performance  of  the  bearing  under  various  test 
loads.  The  swashplate  bearing  was  initially  analysed  using 
Boeing  Vertol  bearing  Computer  Program  S33  both  for  .an  ide.-l 
rigid  support  structure  and  for  a modified  flexible  support 
structure.  b-xamination  of  the  raceways  after  test  1 showed 
that  the  ball  path  analysis  provided  a reasonable  prediction 
except  in  the  areas  of  maximum  loading  which  resulted  in  sig- 
nificant bearing  and  support  structure  deflections.  These 
deflections  resulted  in  the  bails  tiding  over  the  race  shoulder 
of  the  P/N  301-11426-1  bearing  (22*  depth)  causing  premature 
failure . 

The  results  of  test  1 indicatei.1  tii.it  the  bearing  did  not  have 
adequate  race  depth  to  insure  that  the  b.ill  path  would  remain 
below  the  race  shoulder  under  maximum  loads  with  the  particu- 
lar back-up  structure.  Bearings  in  the  process  of  being  manu- 
factured Were  redirected  to  have  the  maximum  depth  available 
from  the  rings,  which  was  .;7»,  tor  the  second  tos*:. 

This  test  was  t.  rminated  tor  other  than  bearing  failure  at 
126.8  hours.  Examination  of  the  bearing  showed  no  distress 
but  did  reveal  that  the  balls  were  liding  close  to  the  race 
sfiouidcr  undei  loads  lower  ttian  prt'dicted,  even  witfi  the 
stiffening  provided  fiv  ttie  ring  modification. 

The  prototype  ibt  i .ice  depth  Ije.ii'ings  in  thicker  wall  swash- 
pl.it  e ring-  eempl'  t-n!  t!i;  2i0  ii-.ui  at  under  all  lodvi  condi- 
tions without  .my  signs  of  distress.  Visual  inspection  of  the 
r, leeways  indicated  that  the  bail  jiatfi  was  below  the  shoulder, 
ever,  under  the  maximum  forward  rotor  pitch  link  load  of  -8200 
■*•9350.  The’  results  of  the  visual  insfiections  are  shown  in 
Tal  le  17. 

The  ball  path  measurements  of  the  prototype  bearings  in  the 
third  test  were  taken  following  the  endurance  test.  The  maxi- 
mum lead  ball  path  was  not  oistinctly  visible  in  the  bearing 
r.iceway  since  it  was  operating  in  this  condition  for  only  1.7 
) airs.  The  depth  noted  in  Table  17  is  not  oxtramely  precise. 

: •_  had  been  planned  to  etch  the  races  and  run  for  a short  tim>. 
at  the  maximum  load  during  the  damaged  bearing  segment  o'  the 
test.  This  would  have  provided  a clear  ball  path  as  had  been 
obtained  with  the  other  bearings.  The  measurement  does  indi- 
cate, however,  that  the  m.nrgin  of  .umilable  ball  path  (race 
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TABl^  17.  HLH  SWASHPLATt  BEARING  .-«TH  INSPECTION  AFTER  TEST 


dtipth)  is  more  than  adequate.  Cracks  were  located  in  the 
area  of  one  rotating  drive  scissors  attachment  and  at  the  out- 
board flange  radius  of  the  inner  boron  ring.  Ac  this  time 
further  endurance  testing  was  terminated. 

Examination  of  Failure.  An  evaluation  of  strain  levels  on  the 
ring  in  the  areas  of  failure  as  well  as  a physical  examination 
of  the  ring  indicated  evidence  of  debonding  of  some  of  the 
bulkheads  and  mar<4inal  fatiqui'  54trenc4th  Ivisi'd  on  wall  thickne;;::  . 

Based  on  the  first  two  tests,  the  llLIi  prototype  swashplatc 
rings  were  designed  to  have  heavier  walls  and  integrLil  ribs 
in  the  rotating  ring.  The  ridges  for  containing  the  boron 
rings  were  e 1 iminatt.'d , and  thi'  boron  ring::  Wt.'re  increased  in 
rhickness.  The  bi-aring  race  depth  was  maximized 
Two  swashplati-s  of  this  configuration  were  fabricated  for 
teuLrng.  Thesr-  swarhplates  completen  the  250-hour  te.st  with- 
out incident. 

The  swashplate  endur.ince  tests  anti  bSTR  expi'ri  ence  conclude 
that: 

• The  prototypi;  swash[)late  coni  igni  ation  v'i  th  35  t race 
depth  bearing  is  more  than  adetiiiatc;  to  meet  endurance 
retjuirements . It  should  be  possible  to  reduce  the 
wall  thicknesses  of  the  rincjs  to  reduce  weight. 

• The  pitch  links,  drive  scissors  and  stationary  scissors 
are  sat isf rictory  tor  use  on  the  jirototype  aircraft.  The 
bearing.s  in  these  components  have  a rt'asonable  chance  of 
lueeting  1000  hours  'ife. 

• The  iOU-hour  interval  tor  tireasiny  the  swashplate  can  be 
expected  based  on  the  quantity  and  ciuality  of  the  grease 
remainimt  aft;er  the  third  test  , during  which  none  was 
addl'd  . 

• The  urethane  covering  for  the  boron  rings  is  inadequate 
because  the  swashiilatc  ir.  used  as  a work  platform.  Thin 
aluminum  covins  were  planned  for  the  prototype,  but 
drawings  do  not  exist. 

m Fatigue  ti'.st.s  of  the  stationary  and  rotating  rings 

remain  to  be  pertormed  on  the  prototype  configuration. 

The  bearing  failure  indicator  portion  ol.  the  endurance 
ti.'St  should  al:  r be  |n,T  formed . 


4.9 


DRIVE  SCISSORS 


The  four  dr-.  VG  scissors  cause  the  swashplate  to  rotate  with 
the  rotor  hub,  and  maintain  the  swashplate  concentric  with  the 
rotor  shaft.  Each  scissors  kinematically  is  a four  bar  lir’-age 
in  a radi. 1 plane  with  the  links  consisting  of  the  upper  arm, 
lower  " T,  sv;nr.nplato,  and  rotor  shaft/drive  collar.  The  lower 
drive  to-swasliplate  connection  is  a spherical  bearing,  and 

the  swasliplate-  to-rotor  shaft  connection  is  determined  by  the 
position  of  the  three  swasliplate  actuators.  The  drive  scissors 
offer  no  restraint  to  vortical  or  tilting  mot’  ■>  of  the  swash- 
plate.  Tlu'  three  control  actuators  datorminc  .'O  position  and 
limils  of  vertical  and  tilting  motion.  The  kinematic  arrange- 
ment cannot  be  acromplislied  with  rigid  linkage:  the  lower 
S'  issors  arm  connection  to  the  swashplate  moves  out  of  the 
I'ldinl  plane  when  c .Ited  in  other  than  tiirough  one  of  tht'  con- 
nections. The  IILH  accommodates  this  kinemat.ic  error  through 
torsional  deflection  of  the  upper  scissors  arm.  This  part  is 
matle  o I'  two  titiinium  pieces  hollowed  to  ch.uinel  sections  which 
.-iri'  plasma  arc  welded  togetlu'r.  The  inner  end  is  hinged  on 
']’e  t Ion-Dacron- flanged  sleeve  bearings  in  a titaniu.i  drive 
collar.  The  upper  end  lower  scissors  .ire  also  joined  with 
simiiai*  oearings.  The  attachmen*’  to  the  swashplate  is  tiirough 
a Te i Ion -Dacron- 1 i nod  spherical  bearing. 

valid  fatigue  tests  were  performed  on  specimens  consisting 
a simulated  drive  collar  with  the  lug  coiif iguration , upper 
' "i  lower  scisscLS,  Including  bearings  and  attaching  hardware. 

■le  test  setup  's  .shown  in.  Figure  fi7,  and  the  test  is  reported 
in  Reference  2h . 

The  lir.sl.  failure  in  Specimen  No.  1 was  a crack  fhat  occui  cud  at 
I Ik'  upper  (drive  collar)  end  of  the  upper  drive  arm.  This 
erae.f,  o;  'gi.nated  al.  an  area  of  frett  tig  between  the  flange  of 
'he  hrj"v-Lit  hashing  and  the  face  of  the  lug.  As  a conse- 
pi  'll -e  -'I  t.hi.s  and  hecau.se  of  ot.hi'r  adverse  experience,  .It 
W'.s  ueci  I'l.l  u replace  the  original  anti-f rettinij  coating 
(herns  ti;  1 , .1 , witli  a 1 aminum-hronre;  containing  10%  Ekonol. 

'I'lier..'  sa  'Luo  a latiyuit  failure  of  the  flanae  of  a lower  arm 
lai.  hinM.  'I't'a;  -edesign  included  thickening  of  the  bushing 
t I a ages . 

A sei:oP(i  test  w-i  eh  tiic  scissors  arms  fitted  with  the  new  bush- 
ings ...as  u is. 'ont ' nued  on  the  discovery  of  a crack  in  the  upper 
u origli  iting  in  an  urea  in  which  the  wall  had  a - rp  run 
out  tlue  to  rn  1 smach in .tnc  . Tlii  s result  is  considered  i.'/a]  id 
0111.1  1 .s  .1  i ;regrir<,ieo  in  tae  analysis  of  results. 

'I'll  i.iit.-c  ti.st  was  stopped  at  .152x1.0*'  cycit.'s  oa  the  fail- 
ure of  the  holt  coruiectiiKi  t}i  'cr  and  .lower  arms.  When  the 

ass  aiibly  was  taken  apart  it  was  .lund  that  the  -.hrunk-in 
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bushitiijs  did  nut  tit  fjropc'cJy  diu-  to  ii  rL'i|ular  aluminum  coatinq. 
To  iac:ilitdti.'  manuiacturu  to  the  required  tolerances,  further 
rediisign  was  necessary  before  continuation  of  the  test.  The 
test  was  completed  with  the  final  bushinq  desiqn  wliich  has  a 
modified  t lanyc-cy  1 i nder  radius  .md  is  linislied  by  tjrindinq 
after  coatinq  for  dimensior.il  c-ontrol. 

Two  further  bolts  were  tent'd  to  l.iiluie  before  the  ui'per  .iiin 
l.iiled,  having  nccumnlated  l.4bUxlO*  eyi-len.  Haned  on  .-inalysis 
the  jiri'dicl  i onn  of  pari  file  ai  <•  .m  nliown  in  'I'.Tble  111. 

It  should  be  notinl  th.it  the  tit..iiiiuni  p.u  is  .it  the  uppei  ai  iii/' 
diive  euliiii  |(iint,  with  .1  deiiKintiti  .it  ed  sate  lile  ol  ,.’,700 

niiui  u due  to  the  1 i in  i L.i  t ions  ol  the  tost,  in.iy  be  ted  to 

exhibit,  live'.M  exci.'t'd  i ng  J,li00  houin  It  moii'  npee  i men;:  aii- 
I .in  ui  . 

/ ItlioUijh  fnere  were'  seVuj.il  i n:it  aiici-r  ul  ei  .n  ked  bunliings,  the 
ntinetni.il  pai  tn  weie  nev.o  .1 1 1 1'l’ti’d ; Ltu.'i  i‘  wan  never  an  iiidi- 
iMtion  tiiaf  the  ei  .ick  in  the  bnshin'i  c.iuned  dama>ie  to  utruc" 
tui.’il  parts.  Tliee<' I III  u , the  eiaekml  tju;ih  i inin  ai  u not  consiilerud 
eiiLical  to  the  l.'Ligue  'it  1 eiiul  h 01  imxii'  ol  t.iilnii'. 

'I'lu'  innei  nt.it  ion. 11  y ling  ol  the  nwa.'ilip  I a I e w.in  i n i t i .1 1 1 y 
I e:i  1 I .1  i tied  I I 0111  tut.;l  iii'i  by  .t  single  ne  i 11:10  rn  .itt.u'hed  to  the 
1 I .lU'.iii  1 .'Ol  1 1 III  nppi'i  I'lvei  . Tile  p.otn  wi.'i  e similar  in  eonsLiuc- 
I ion  to  (he  di  i ve  in  iniioin.  The  nw.inlip  1 .’i  I e cndurLiiK'e  tent, 

I I,.'  wliii  I lent  , and  till'  DP.TK  .ill  opiMaled  lor  ,1  time  with  the 
single  .'leissoin.  To  luiilu.T  steady  the  HWii:ih|>  1 ate , iind  to 
piovide  lail  .'i.ilety,  .1  seeoml  scissi'i!:  wan  .idded.  The  second 
Wiis  iile.it  ical  to  the  tiist,  ami  luture  pait.s  .'Tiuld  be  lighter 
si  nee,  under  normal  (•oml  i t i on;; , e.ich  evirries  approx  imately 
om*  hall  .he  load.  Thin  reduceti  load  sci'isors  would  also  be 
regnireil  to  ...irry  the  lo.ul  .ilune  lor  100  h'lur.s  fcjr  the  l.ail- 
::.i  I e 1 'oiid  i t i on  . 
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4.10  I'rl’CH  l.tNK' 


Thf  1 ink  ('i)iiniu'Lu  I In*  (.waslip  1 .it  t’  t.n  t.hu  bl.iiln  .urn. 

'I'ni*  link  riiiiKintH  ol  two  I’oni.’iiiil  i io  l-i.ail  path  .i  1 ion, 

ionniHl  I ini  ol  a p.i  i r it|  i oil  omln  •onnoiloil  by  a t ui  ubiii.'k  I o . 

'rln-  t 11' nbin  k loa  ai  oinoil  no  I h.. . .nl  )nnl  iiioiit  ol  both  links 
111  H I mu  I ' Jim  L'lici . liplmi  ioal  T«’ l 1 on  - i on  - I i lU’il  boai  in‘)H  ..lo 
pioHHoil  1 ii  t o I ho  onliii  path  ii.«l  iwwIm.  Tin*  buii'M  ol  t.liotiii  i oil 

l.iiii'  i|  .■n.  ou-jlit  vi ) uir  i luiin  bi\>n/-i‘  bunhiii'i'i.  Thi'  linuli  iinyti 

iiiii.il  ly  1^01  ronioi.  i i'h  i nt  ijlooj  i.’oat.ud  wiLti  li'MiiU’lol 

flioii.  *-opI.u  u..l  .it  Iho  t in.i.'  t ho  hub  lat-inuo  tuMl  bIkjwoiI 
t;o  bo  i iuuicqn.it  o asi  a ftftLiiuj  i iilii  b i t.oi  . 'J'hc  rod 
Lho  jiiru!!'  loaii  pat.h  link  h.id  buroa  larip'r  than  Lhi.* 

• ) lhai.  no  load  wat.  ■_  a t i od  .lu  loinj  .us  i ho  oiilcr  load 

link  I iMiiii  1 lu.'d  in  liiol  . (.'iiii*  must  bi  oxorcistui  j.  ii  .laiicinb- 

llic  Jink  to  ..iii'.uao  I his  lun.;tion.  buriin,'  load  calilir.i- 
t ion  ol  (jiu:  t.il  tq'i>’  1 ink,  t hi*  load  was  shared  botvjccn 

t ho  two  link;;  boi' i nn  i nq  at  .»  low  load  bccabso  t.hc  bc.iriny  and 
the  innci-  ).>ad  p.ith  i < 'd  cm'  were  not  concentric  initially. 

Wit)'  lOtul,  the  o'.iti'i  1 ink  cli.inqcd  Icmjth  unti  1 the  clearance 
in  IM'*  inni't  rod  u-nd  w.in  t.iken  np.  I’urtions  ol  the  innoi  rod 
I'lHu:  .111*  CO  VC  1 Oil  with  i'l.’ I loii-D.icron  tabric.  These  areas 
support  the  inner  1 ink  within  the  outer  link  avoidiny  the 
poijiiible  Iretliiiq  ot  ,1  me  t a 1 - 1 o-me a 1 eontact. 
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Two  pi  tell  1 ink  .innemblii's  wi.'rc  tatiyue  tested  as  repoi  ted  in 
Iteleieiu.'e  il . Macli  S[>i“eimen  w.is  .issenibK  d to  requ i rt^ments 
stated  on  i t r assembly  drawiiiy  except  loi  the  tollowiny: 


• 'ilu*  roll  L'ndL'i  wi't  i*  pi. uM'd  in  t he  s inic  , lane  rather  than 

'isplaeed  by  4 1".  This  was  done  to  pi  'init  the  develop- 
ment ot  the  s.ime  loadiny  I'li  both  the  upper  and  lovier 
rii'i  ends . 

• otlset  litl.iiiq  uiseiiib  1 LI'S  were  iiislalled  in  place  of 

the  rod  end  bcariiiys  as  shown  in  i'jyure  hB  . The  purpose 
ot  the  ortset  assembly  was  to  permit  the  deve lopir.ent  of 
end  munients,  simulatimj  those  produced  by  bearing 
friction.  'I'bc  t.ost  setup  is  shown  in  Figure  59. 

The  first  fatigue  failures  in  both  specimens  occurred  in  the 
outer  rod  end  lugs  and  wore  nearly  identical  in  appearance 
and  location.  Sec  Figure  60  for  the  location  of  failures. 
Testing  was  continued  after  cutting  away  u portion  of  the 
failG.i  lug  so  that  the  load  was  cn  the  remaining  lug  of  the 
outer  load  path  clevis.  The  second  failure  in  Specimen  No.] 
occurred  in  the  shank  region  of  the  remaining  outer  pitch 
li.nk  J.ug.  Light  fretting  was  evident  in  the  lug  failure 
origin  areas  of  both  specimens. 
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PICUKE  60.  LOCATION  OF  FAlLUlUiS 


PITCH  LINK  FATIGUK  Tt 
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Crackiny  toll  awed  a small  ’indereut  between  the  shank  bot  e 
wall  and  the  intersect ine  spherical  inner  surlace.  The 
si?eond  failure  in  Specimen  No.  2 occurred  in  the  reinainina 
outer  pitch  link  1 uy  in  approximately  the  same  location  as 
that  of  the  1 i r;;l  tailme. 

Tlu-  secoiKiary  Load  path  ot  botli  specimens  success!  ully  wit  li- 
st ooti  OIK'  million  cycles  at  'iOOO  +5000  pounds  and  a sub- 
sequent pioo!  load  to  20,500  poutuls  without  tailuit-.  In 
addition,  .Specimen  Nti.  2 was  run  tor  tiiiother  one  million 
I’yeli's  at  u500  H.500  pounds  tolloweo  by  piool  loadiny  to 
20,000  pounds  without  tailuia'. 

All  threads,  both  int(.'in.il  aiul  exti-rnal,  |i>i;ked  Vi'iy  yooil 
in  both  spi-i- i me.ii.  a I t «.•  r I'omfi  I et  i on  ot  la'iyue  festirii;.  Theie 
was  no  biiKiina  ot  these  f hi  t-ad;.  when  t lu‘  specimens  weie 
d 1 .s  as.'ii 'iiib  1 ed . Tlie  l.ibi'ii'  li'iina  material  on  the  .secondary 
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sp(  'e  1 iiK.'ii  s 

showed  no  appaietit 
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> o 1 5 1‘  0 
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a t a 1 I a I e 1 1 1 1 • o I I I)  5 liou  i s w i e ae  t e i ni  i lU'd  . 'I'Ik  se  lives, 
howi'ViM  , del  I '-e  ! r 1 'III  the  linit  t.iiluiL'  {.'oJiit.s  and,  t.heri.’ Uive , 
lioiii  t h<  t I'St  lo.idin'i  in  which,  tmisili'  steady  load  -■  i.l  x 
a 1 I e 1 na  t i an  lotd  u’.e.  used.  Aetu.il  iliyht  lo.uiu  will  be  less 
si'Veri'  acvioistiM'i  t ' tii.-  result  i;  ii I the  wind  tunnel  and  whij.i 
tower  Li'sts  isqiuled  in  Ki‘ 1 >• ; ei'CiM  2 It  and  . 'I’hese  shovi 
.stisidy  [liteii  li,ik  lo.id';  to  lie  rs..impri.'Sii  i ve , just  a.s  they  .ire 
now  in  the  '.’ll-.l  / luiieoplei  . .'tiiu-e  ,iny  i eiluct  i ^.'ii  in  st.i'ady 
tensile.'  Icvidr  will  > educs'  1 uy  cyelii-  stresses,  a siqniticant 
itiiTea.se  .in  (.  .di«  (ed  I i I would  i-.'Sult.  With  IhC'  tensile 
load  eqii.jl  I e MU"  1;. lit  tin'  a 1 t t'lu  1 1 iny  , the  e.t  1 i.'u  ! ai.e.d  sate 
llte  I. '.1  /HOO  :u"0:' 


'I'he  1 1 1 o I ..1 . Y' ic  [o.  i eh  links  wi-ie  eh.uiyed  tuily  in  that  the 
bushinqs  i ' the  i od  i.'nds  wi'ie  e'haiujed  to  b-  eoiros  i on- 
res  ist.int  stiel  w i I ti  .iluiiiiiium  bi  once  wit.h  ilkonol,  the  best 
I 1 el  t i nq  inhibit.oi  tt-sle-d  dm  iiui  the  ))i  oqram. 


1 /'J 


4.11  DKMDNIiTliATlON  UOTUH 

A i.oiiip  1 «>  I lutin'  liiil'  .iiiil  ll|‘|•l■^  i-<>nt:i>ln  .ihsi-iiiI' 1 y w.iii  t .il>i  i 

iratiKl  iitui  in:i<alliHt  witti  (>l.iu('i;  >ii'  t l,i>  wh  i i 1 tiwui 

(I''iquru  Ol).  A litii'f  wlt:il  ti'Hl  w.iu  |>im  I i>i  iiu'd  aiKl  i i.  iu|>'iii'-i| 
ill  Huldi'tMiLXi  2').  1 ( oniH  ut  I liu  idHt  n I >Mi  > I iiMiil  ( i<  llx'  lutui 

hub  and  uppi.'i  'unl  lulu  wcr*-' 

• C 1 e.i  I'aiicu  i.'h«»i'K  uf  niuviii'i  p.ii  ' ti  tu:  i- 1 i.ui  i aiici.! . 

• I’rooi  locj.dini./  ut  tin?  rul » thiuuuh  api- J icul  ii.ii  of 

hladi'  pi  tell  ill!  j uiuiiuuit  . 

« Sl.iUHa  and  motion  iiui  vey*?  indirafinij  3t  ro.‘:ut<8  as  pri'- 
d i o I t*d  . 

•»  Opurat.ion  ot  rotor  at  the  overspt^od  eondition 
(125\*  normal)  tor  one  hour. 

m Evaluation  ol  thu  i requi.-ncy  ui-lootivo  damper. 

Thin  teat  revealed  dot icienc.ieu  in  the  el autoiner ic  beariny, 
droop  stopa,  and  the  irequiuicy  selective  damoer.  Each  ot 
the-se  conditions  i.s  deijcr  ibed  in  the  detail  discussion  of  that 
component.  The  titanium  hub  retention  nut  deflected  exces- 
sively when  installed  in  accordance  with  drawing  specifica- 
tions. The  nut  screws  onto  the  rotor  shaft  loosely,  and. 
thrust  preload  is  auplie.!  by  2S  screws  applying  torce  between 
the  nut  and  the  hub.  Thu  offset  betweuui  the  shaft  thread.s  .lud 
the  center  ol.  the  screws  p.roduce  a moment  tendi.ng  to  roll  the 
nut  inside  out.  For  the  required  preload,  the  deflection  of 
the  nut  allows  the  lower  diameter  to  expand  and  the  lower 
threads  to  sep.irate  .substantially.  A nut  ot  more  substantial 
cross-fioct  ion  was  designed  for  the  OSTh. 

Uj.'on  compi] etion  of:  tne  whirl  te.st,  the  demon stratJ.un  rotor  w.t;:; 
installed  on  the  l.'ETH  (Figure  62)  with  iuigj.nes  and  trans- 
missions to  operate  as  a rotor-drive  system.  The  tests  are 
reported  in  P.eierence  30.  The  DSTR  provided  more  operating 
e.xperience  to  increase  confidence  in  the  hub  and  upper 
eontiols  while  revealing  other  def rciencies . 

Significant  problem  solving  was  accomplished  on  the  DSTR  for 
the  hub  and  upper  controls. 

« Evaluated  preload  button  for  elastomeric  pitch  bearing 
as  a aolutiou  to  the  tearing  of  the  bearing. 

« Evaluated  frecting  Inhibitors  that  were  identified  for 

u.se  on  flight  hardware  and  which  demonstrated  satisfactory 
results  - 
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• I ’1 14 ' I . i.j  I .11  In'  I 1 4 1 i.ii  • nil  1 1 1 1 111  s 1 ■ I II'  1 hill  1 • 1 111"  I '.imi'  I iiinli'  i 

si'll!  1 1 1 ' . ■'  h 1 1 1 ' |i  - Ki  1 1 . .ill.  1 h 1 : !i  4 1 1 1 4 ■ I i;i4 1 1 I 1 1 iiu!  , 

I til'  li.'l'I'K  pi  4 i ill'll  (•xpusuii’  li-  ii'iit  i 111"  I'l'i'i.il  iiiTi  .iiiil  main- 
T.'n,\iii-i'  mil  h.iiilw.ni-  will'll  W'-ulil  li.i'.i-  Is-fM  ln'iu"  f i f i .i  1 to 
lull  1 .1  1 HI. II  piiitiitypi'  iipi'i.it  iiiiis. 

m K'liiiloiii  .oil)  spill. iilii-  pi'i  141.1s  .■!  hi  1 r 1 /f 'll  t 1 r.w.i.shpKito 

mi't  inn  W"ii'  visii.illy  i ili;:4*i  v.-.l  .iH'i  l.iti't  mi-.iSLTi'd . It  wjs 
not  po:: i b I o f>.  .h  • ; o i i : lo  tho  iMusos  I'l  Ihosi.*  motions, 

'll -I  t 111'  s 1 'jii  i f I .•ui'-.' , \/ 1 • li  1 n t h.i'  ♦ 1 mo  o*  tho  tests. 

• ihiitioii  s 1 iMi  1 f 1 o.iiii  iiisii)ht  into  tho  iiiiti.il  opi'ratimi 

t I mpot  .1 1 u t o o!  tho  sw.ishp  1 .It  i"  .Tftor  i op  1 on  i shniont  of 

i.w.isfip  1 lit  o -llOISo. 

• l)i.'4ii' .ii;>t  1 ,1 1 oi.i  t lolii  I op  1 av'i'itit'iit  of  ify  riciiii  1 [•  system 
o.'inpoiioni  .'  1 n.  • 1 ' s I i no  fnsli,  •.■iti'fi  fioiisin!,  :,-i  o Lisboan,  and 

l*  I ' 1 S t Illlt  • I l 4 • III  • I 1 111  I . 

'ipeiatinq  problons  un-luilod  tearing  of  the  elastc'meric  oearinq, 
'’ori'oot  oii  with  tho  ttiiu.si  iiutton,  .ind  the  d i .setni.njuinerit  t.'t  the 
ilioiip  -.tops,  4-.  n 104- 1 4 'll  wi'fi  the  cylindrical  stiip  rinq.  On  two 
oo'.Ms  1 oris  . tailnio'  .it  t.he  ( non- a i rcra  f t ) control  systeiJi 

caused  suLvitantia;  ..Ian;.,..),.'  to  the  droop  stop  parts  when  the 
I'cintr.'il  syiifem  c.iu:s.>d  l.ir'h'  tlaf'pinq  motion  ot  the  liladt'S 
whilo  tho  .stop  rin-i  war.  in  intormodiate  pouiliona  (between  Ob 
.ind  115  Hl’M)  , 

.new  probloni  ariuit:  tiurinq  the  Dril'K  test.s  that  did 
not  ec'-'ur  duiimi  t tie  L.hoit  whirl  test.  The  rotor  blade  lag 
damper  ha.s  .spherical  be.irimjs  at  each  end  and  is  free  to 
rotate  about  its  axis  through  these  bearings.  The  fitting  to 
v;hich  the  inboard  end  is  attae'hed  has  buttons  on  either  side 
of  tho  olevis  which  cont.i4.-t  tho  ■' imper  lug  to  limit  this 
rotation.  Doeauso  oi  the  ti eoue.  y selective  mechanism,  the 
cente r of  gravity  of  the  dampei  is  above  the  axis  and  a 
component  of  centrilugai  force  causes  a moment  about  this 
axis.  The  limiter  button  reacts  tho  torque  while  rubbing  due 
to  flappi:-.';  oit  the  hl.iilo  .ind  damper.  The  original  Nylon 
buttons  wore  severely  and  were  replaced  with  bronze  oilite. 
These  ..ilso  wore  rapidly,  but  it  was  more  expedient  to  replace 
f-ho  limiters  a few  times  during  the  test  rather  than  effect  .a 
design  change.  Future  rotor  heads  would  not  try  to  correct 
the  rapid  wear  witti  other  materials,  but  r£ithcr  do  something 
to  reduce  the  moment  of  the  lag  damper  which  loaded  ttie 
but.tion:; . 
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I'pDA  t»*ai(iown  of  t fie  hub  and  upper  controls  at  fcfie  completion 
of  ttie  test,  the  followiiut  unsat  istactory  conditions  wore  tound. 

• Joints  in  the  titanium  structure  wliich  still  had 
Sennetel  7?  as  the  frfttinq  inhibitor  showed  incipient 
trcttinq.  All  joints  in  the*  prototype  had  been  chanqeu 
to  use  aluminum  bronze  with  Ekonol. 

• irettinq  on  the  ends  ot  bushinqs  in  the  drivi;  scissors 
was  seen  similar  to  that  in  tfie  scissors  tatiqui:  test. 
Trot^'type  parts  wore  ct,).iimi  1 1 ed  at  the  time  th<*  problem 
was  initially  recoijnized  in  bench  test.  No  chamje  for 
the  prototype  was  decided  based  on  suecesstul  tatiquo 
testinq  ot  tfie  scissoi's,  and  the  limited  tleqree  ol  the 
i ret  t i nq . 

• I.iqht  rust  was  tound  on  the  fracture  surfaces  of  the 
440C  corros  lon-res  ist  ant  st<-‘.'l  outer  race  ot  the  shear 
iiearinq.  Tfie  fu-arinqs  in  the  DSTH  rotor  wore  not 

(>ass  1 vati'il  and  the  rust  stains  art'  most  likely  troo  iron 
en  t h''  rurtace.  Prototype  beariiujs  specify  passivati  n 
to  !'rt*v<*nt  rt'currence. 

• li'iitc  po'..\;cry  products  ot  c<nrosioii  woie  found  on  the 
outside  bearinq  diameter  of  the  aluminum  stationary  rint), 
and  the  swasliplate  bearinq  sfiowisf  rust  spots  on  the  inside 
diameter.  Kaiii  water  fiad  seepeif  under  the  fietirinu 
retiiininq  rinq.  Tfie  so lu l ion  ottered  was  to  provide  a 
preformed  packinq  {O  rinq).  Tnis  had  not  been  imi'lt'nicnted 
in  t ne  prototype  swashpl  a ti-s . 


